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ABSTRACT
There is increasing evidence that benthic, filter feeding bivalves may control 
water quality in shallow water, estuarine systems. Small-scale filtration experiments have 
been used to extrapolate the system level effects of Crassostrea virginica on water 
quality in the Chesapeake Bay. Small scale experiments do not account for the complex 
interactions of flow and seston composition on the filtration rates and feeding behavior 
of Crassostrea virginica. Flume experiments were designed to incorporate variation in 
flow speed and seston composition over a bed of oysters.
Regularly arrayed patches of 90 oysters were placed within a flume; control 
arrays were constructed similarly using sealed oyster shells. The diatom, Thalassiosira 
weisflogii, and the diatom with kaolinite were added to a 5-m long recirculating flume. 
Vertically arrayed seston samplers collected water samples upstream and downstream of 
the oyster bed. At eight flow velocities (UM ranging from 0.65 to 22 cm sec'1), changes 
in particle counts between upstream and downstream samplers were used to determine 
particle removal rates. Samples were analyses for particle concentration and in vivo 
fluorescence.
Significant differences in filtration rates between experiments were attributed to 
variation in hydrodynamic and biotic factors. Although there were not significant 
differences between the filtration rates and the control rates, the filtration rates were 
greater than the control rates at low flow speeds. Abundant fecal production by the 
oysters indicated that large amounts of particles were being removed from the water 
column. It appears that the biotic factors were not of sufficient strength to produce 
filtration rates that would be significantly greater than flow mediated factors.
Using feces production and shell gape as indicators of feeding activity,, there was 
a positive relationship between oyster feeding behavior and increasing flow speed up to 
22 cm sec'1. The feeding behavior of the oysters may also be affected by the health of the 
oysters within the bed.
Differences in oyster feeding activity between experiments and differences in the 
flow-mediated effects on particle distribution between replicate control experiments 
indicate that the effects of oysters in patches on seston dynamics may vary considerable. 
Improved system-level ecological models, which taken into account flow, particle 
concentration, particle composition, seston depletion, refiltration, vertical exchange of 
particles, and the actual number of oyster filtering at any one time, can yield improved 
understanding of the materials processing capabilities of oyster reefs.
IX
FILTRATION OF OYSTERS IN PATCHES: 
EFFECTS OF WATER FLOW AND SESTON COMPOSITION
2INTRODUCTION
There is increasing evidence that benthic, filter feeding bivalves may control 
water quality in shallow water systems. Benthic filter feeding bivalves have been shown 
to be the primary control of phytoplankton biomass in regions of the Potomac River, the 
Saint Lawrence River, and the South San Francisco Bay (Cloem, 1982; Cohen et. al., 
1984; Frechette et. al., 1989). Phytoplankton concentrations were reduced 40 to 60% by 
the filtration activity of a dense bed of Asiatic clams, Corbicula fluminea, in the Potomac 
River (Cohen et. al., 1984). Since water quality in terms of water clarity is a function of 
the amount of suspended material, organic and inorganic, both must be reduced to 
increase water clarity. Estimates of fine (< 3 pm) particle deposited up to seven times 
faster by biodeposition by the Eastern Oyster, Crassostrea virginica, than by gravity 
alone have been made by Haven and Morales (1966). They estimated that 250,000 
oysters, 5-8 cm in size, could deposit 405 kg dry weight of biodeposits per week. Filter 
feeding activity can limit the concentration of suspended particulate material and 
provides a critical link for carbon and energy transfer from the water column to the 
benthos. Estimates of the material processed by a bed of bivalves have been used to 
extrapolate the potential ecological effects of the filtering activity on estuarine water 
quality.
At one time the Eastern Oyster, Crassostrea virginica, was considered the 
dominant suspension feeder in the Chesapeake Bay ecosystem. Since the late 1880's, 
there has been a general decline in the standing stocks of oysters in the Chesapeake Bay. 
Based on historical densities of C. virginica, Newell (1988) calculated that, prior to 
1870, the oyster population could filter the entire volume of the Chesapeake Bay in 3.3
days, the estimate for the same activity in 1988 was 325 days. In a model of carbon flux 
in the mesohaline reaches of the Chesapeake Bay, Ulanowicz and Tuttle (1992) 
estimated that a decrease in the annual exploitation rate of the oyster by 23% would lead 
to a 150% increase in oyster standing stocks, a 29% increase in benthic diatom primary 
productivity, and a 12% decrease in planktonic primary productivity. They suggested 
that the combined effect of the decrease in planktonic primary productivity and the 
increase in benthic primary productivity may have the potential to reduce eutrophication 
in the Chesapeake Bay.
The decline of the primary filter feeder in the Chesapeake Bay may have lead to 
system wide ecological changes. Decreased oyster standing stocks may have diminished 
the capacity of the ecosystem for filtering suspended particulate material resulting in 
decreased light penetration and increased eutrophication (Ulanowicz and Tuttle, 1992). 
Declines in submerged aquatic vegetation in the Chesapeake Bay during the 1960's and 
1970’s have been associated with increased turbidity and nutrients (Orth and 
Moore, 1983). Distribution of submerged aquatic vegetation is primarily dependent on 
light penetration which decreases with increasing turbidity (Wetzel and Penhale, 1983). 
Although the Ulanowicz and Tuttle (1992) model does not included benthic 
macrophytes, submerged aquatic vegetation may benefit from the increased light 
penetration predicted by their model.
Fundamental to assessing the system level effects of bivalve filtration are reliable 
estimates of filtration rates in the field. Filtration rates, expressed as the volume of water 
cleared of all particles per unit time, have been measured for oysters and many other
4bivalves in the laboratory under conditions of varying water temperatures, algal 
concentrations, algal species, tidal cycle, and turbidity (Winter, 1978). Filtration rates 
for Crassostrea virginica are summarized on Table 1, expressed in the units reported by 
the authors. Most filtration rate measurements have been on solitary bivalves in small 
scale experiments with minimal water flow, usually just stirring to keep algae in 
suspension, and minimal turbidity (e.g. Palmer, 1980, Gerdes, 1983, Riisguard, 1988). 
Laboratory generated oyster filtration rate of oysters may not accurately reflect filtration 
rates in the field where external factors affect oyster filtration rates and the filtration 
capacity of the bed. Thus, extrapolating directly from laboratory rates to filtration rates 
in the field is somewhat suspect.
Turbidity, particle size, particle composition, and flow speed affect the filtration 
rates of non-siphonate bivalves. Oysters are able to tolerate turbid environments, but 
increasing concentrations of inorganics may lead to incremental decreases in filtration 
rates. Clay and silt concentration above 100 mg I'1 and 700 mg I'1, respectively, inhibited 
the pumping activity of C. virginica (Neilson et. al., 1976). Alternatively, kaolinite 
concentrations of 20 mg T1 did not significantly inhibit oyster filtration rates of the algae, 
Isochrysis galbana (Urban and Kirchman, 1992). Since algae was not provided in the 
experiments by Neilson and associates, the inhibition of filter feeding by inorganic 
components may be related to the ratio of organic to inorganic components. The ability 
of an oyster to remove particles from suspension is limited by the lower size limit of the 
particles and C. virginica is able to filter particles greater than 1 u in size. Filtration 
efficiency, the percent of suspended particles removed, for 1-2 um particles is less than
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650% while it is approximately 100% for particles > 3 pm (Jorgensen and Goldberg,
1953; Haven and Morales, 1970; Walne, 1972). The differential filtration efficiency of 
bivalves and the differential passive deposition of particles with different characteristics 
will alter seston concentration and seston composition.
Growth of non-siphonate bivalves has been negatively correlated with increasing 
flow speeds, presumably as a result of an associated decrease in filtration efficiency 
(Wildish and Kristmanson, 1985; Wildish et. al., 1987; Eckman et. al., 1989;
Grizzle, 1992). The flow speed at which growth is inhibited varies with the bivalve 
species. Growth rates were inhibited at flow speeds > 3 cm s'1 for Argopecten irradians 
concentricus (Kirby-Smith, 1972), flow speeds > 10 - 20 cm s"1 for Placopecten 
magellanicus (Wildish et. al., 1987; Wildish and Kristmanson, 1985), and flow speeds 
> 1 cm s 1 for Crassostrea virginica (Grizzle, 1992). Decreased filtering activity of non- 
“siphonate bivalves is a result of the pressure of external flowing water on the inhalant 
opening being greater than the pressure differential established between the inhalant and 
exhalent regions (Grizzle, 1992). Decreased growth rates are an expected result of 
decreased filtration rates (Wildish and Saulnier, 1993) and will result in a negative 
relationship between increasing flow speeds and growth rates.
The filtration capacity of a bed of bivalves depends not only on the filtration 
capabilities of each animal, but also on current velocity, turbulent mixing, and the 
density and spacing of organisms. Monismith and co-workers (1990) have shown that 
refiltration can have a negative effect on the filtration capacity of an infaunal bivalve 
bed. Metabolic wastes and decreased food concentration in the waters overlying
7downstream portions of the bed may reduce filtration activity and total food availability. 
The rate and the extent of the depletion of suspended particles by filtration is dependent 
upon the filtration rate of the bivalves, the density of the organisms, and current speed 
(Officer et. al., 1982). As the ratios of the water resident time to bivalve density and to 
filtration rate increase, the rate of seston depletion should increase. Vertical mixing may 
redistribute particles in the water column, ameliorating near bed depletion 
(Officer et. al., 1982; Frechette et. al., 1989). However, for dense assemblages of 
epifaunal suspension feeders "skimming flow" (Nowell and Church, 1979) may reduce 
particle flux through the patch. The hydrodynamic effects of such patches will depend 
upon organism density, spacing, and flow velocity.
Time variances in filtration activity among each individual bivalve in a group 
may figure prominently in the overall filtration capacity of the group. Laboratory 
estimates of oyster filtration rates have treated this variation differently. Riisguard 
(1988) and Loosanoff (1958) reported that any bivalve that was not open or actively 
filtering was not included in their results. Each hour for 24 to 33 hours, Palmer (1980) 
measured the filtration rate of individual oysters, C. virginica. Palmer (1980) reported 
filtration rates that ranged from 0 to 5.47 1 g'1 hr'1 and that the percent time each oyster 
spent filtering water ranged from 49 to 91%. Whereas, Newell (1988) estimated that 
oysters filter for 23 hours each day at the continuous rate of 5 1 g'1 hr'1. Jorgensen (1966) 
estimated that oysters are open, for at least 10 hours each day, but did not estimate the 
amount of time spent filtering seawater. Filtration activity varies neither on a tidal nor a 
diumal cycle, but may be attributed to alternating periods of filtering and ingestion
8(Loosanoff and Engle, 1947; Palmer, 1980). Filtration rates that do not reflect time 
variances in oyster filtration will not only overestimate the filtration rates of individual 
oysters, but will lead to an overestimation of the filtration capacity of an oyster bed.
Small-scale filtration experiments do not account for the complex interactions of 
flow, suspended particulate matter, seston depletion, resuspension, and refiltration on the 
filtration rates and feeding behavior of Crassostrea virginica. Turbulent mixing and 
seston depletion across across the bed are apt to have antithical effects. Extrapolation of 
system level effects may be improved by evaluation of the effects of environmental 
factors such as flow speed, turbidity, and seston composition on filtration rates. In 
addition, estimating the proportion of the population feeding at any one time has 
important ecological consequences.
A series of flume experiments were designed to incorporate variation in flow 
speed and seston composition over a bed of oysters into the measurement of oyster 
filtration. Evaluating oyster filtration capacity under conditions of turbulent mixing and 
seston depletion allows for the interplay of both hydrodynamic and biotic factors.
Coupled with refined estimates of the variance in filtration activity, this data can yield 
improved understanding of the materials processing capabilities of oyster reefs.
9REVIEW OF OYSTER FILTRATION
Mechanisms of oyster filtration need to be understood to better understand the 
filtration rates and efficiencies of Crassostrea virginica. Crassostrea virginica is a 
lamellibrachiate bivalve. Lamellibrachiate is a term meaning "sheet gill" (Barnes, 1980). 
The feeding organs are the gills, labial palps, and mouth. Oysters actively pump water 
through their gills for ventilation and for food capture. Water enters the mantel cavity 
via the incurrent siphon and is expelled via the excurrent siphon. Particles, captured on 
the surface of the gill, are carried by ciliary action to the palps and particles not captured 
are expelled in the excurrent water. At the palps, particles for ingestion are selected and 
carried to the mouth. The surface of the gill is highly plicate with alternating rows of 
plicae and plical troughs (Galstoff, 1964). Each plicae consists of parallel rows of highly 
ciliated, tubular structures called filaments with the axis of the plicae and filaments 
running perpendicular to the axis of the gill (Galstoff, 1964). The filaments associated 
with the plicae and plical trough are distinguished by their location and function as 
described by Ward et. al. (1994). Rows of ordinary filaments form the crest and sides of 
the plicae. The primary filament lies at the bottom of the plical trough and a transitory 
filament lines each side of the trough. Particles captured on the ordinaiy filaments are 
carried distally by the coarse, frontal cilia to the marginal ciliated groove. Then 
particles, entrained in a mucous strand, are carried by the course, terminal cirri to the end 
of the marginal groove. Particles captured in the plical troughs are carried by fine, 
frontal cilia to the basal ciliary tract and then to the labial palps. The particles from the 
marginal ciliated groove and the basal ciliary tract are transferred from the gills to the 
labial palps by movement by the palps. As the mucous bound particles move across the
10
ridged surface of the palps, the particles are released from the mucous. At the palps, all 
particles are sorted and those particles for ingestion are carried to the mouth. Rejected 
particles are carried to the marginal palp surface, released into the mantle, and expelled 
from the mantle as pseudofeces. Pseudofeces are a compacted mass of mucous and 
particles which were rejected after filtration yet prior to ingestion. Unassimilated 
material, which passes through the gut, is excreted as feces. The mechanisms of 
filtration are partially dependent on the interactive effects of external factors such as 
flow speed, seston composition, seston concentration, and numerous other factors. Thus, 
since external factors will affect the filtration efficiency and rates of oysters, their effects 
are important to considered when evaluating the filtration capacity of an oyster bed.
11
MATERIALS AND METHODS 
Flume Description
All experiments were conducted in the flume, located at the Virginia Institute of 
Marine Science's (VIMS) Eastern Shore Lab, with a 5 meters long and 60 centimeters 
wide main flume channel (Fig. 1). For these experiments, the flow was channelized and 
a smaller channel, 18.7 cm wide and 220 cm. long, was created (Fig. 2). Prior to each 
experiment, the flume was filled with filtered seawater from Wachapreague channel.
The seawater was filtered through four filters in series, two sand-charcoal pool filters and 
two 20 u cartridge filters wrapped by a 1 u cloth filter. The water temperature can be 
regulated by a refrigerator or heater depending upon the ambient water temperature. The 
flume is a recirculating system in which the water flows from the head tank, across the 
flume bed, into the tail tank, through the two sand-charcoal pool filters, and is pumped 
back to the head tank. Since the flow across the flume bed is pressure driven, a constant 
level in the head tank is maintained to insure constant pressure. An inflow gate valve 
controls the water flow from the head tank into the flume. Settings on the inflow gate 
valve were calibrated to generate specific free stream velocities in the flume at a water 
depth of 10 cm. The adjustment of the vertical louvered exit weir and the inflow gate 
valve control the current speed and water height. At the head of the flume, two 
collimators in series dissipate turbulence.
The flow across the bed is a one way steady, two-dimensional flow. The flow 
character across the flume bed is further defined by the Reynolds number and the Froude 
number, and the development of a boundary layer was calculated using Schlichting’s 
Four-fifths Law (Schlichting, 1967). The Reynolds number is a dimensionless value
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which measures the relative strength of the relative strength of inertial forces in relation 
to frictional forces. As the Reynolds number approaches 2000, there is a transition in the 
flow character from laminar to turbulent. Across all flows, the value for the Reynolds 
number calculated as:
x (1)
V
i)= free stream velocity, 6=water depth, v=kinematic viscosity, ranged from 528 to 
17886. In these experiments, the water height was maintained at a constant 10 cm. The 
Froude number measures the relative strength of gravitational forces to viscous forces.
For Froude numbers less than unity, typical of estuarine tidal flats, boundary layer effects 
are transmitted upstream from downstream by surface waves (Nowell and Jumars, 1984). 
The Froude number, calculated as:
FR= D
g 6 m ®
6= water depth, g=gravity, ranged from 7 e-3 to 2.2 e-1 across all flows. Schlichting's 
Four-fifths Law,:
[ - ^ ] =0 .3 7 ( — f s (3)
V V
6=the potential boundary layer thickness, %=di stance downstream, u= free stream 
velocity, vHkinematic viscosity, was used calculated that the distance required for the full 
development of the boundary layer. The boundary layer over the smooth plexiglass bed
15
was fully developed 0.4 meters downstream of the collimators at the maximum flow of 
22 cm s'1 before the leading edge of the water reached the oyster bed.
Water samples were collected upstream and downstream of the oyster bed by the 
seston sampling apparatus. Three upstream samplers, laterally arranged across the 
channel, were approximately 2 meters downstream of the collimators and the three 
downstream samplers were located 2 meters downstream of the upstream samplers.
Each sampler had 5 vertically arrayed ports located at 0.6 cm, 1.0 cm, 2.1 cm, 4.2 cm and 
6.6 cm above the flume bed (see Fig. 2). A logarithmic scale was chosen for the 
placement of the sampling ports to reflect the theoretical particle distribution above the 
bed in shearing flow. The water samples collected at each port flowed through fine 
tubing into individual sampling vials. To allow for unbiased sampling, the flow speed 
through the tubing was calibrated to be within the range of the water flow speeds.
Algae cultures and Kaolinite
Monocultures of Thalassiosira weisflogii were added in known quantities to the 
flume and the change in the concentration of these particles across the bed was 
measured. The unicellular diatom, T. weisflogii, was chosen as the organic particle in 
these experiments because T. weisflogii is a premium oyster food and is readily 
consumed by oysters in still water experiments (Luckenbach et. al., 1993). Kaolinite 
was used chosen as the inorganic particle due to its inert nature and for its similarity to 
the fine suspended matter naturally occurring in estuarine systems.
T. weisflogii suspensions alone and in combination with kaolinite were added to 
the flume by a gravity feed system. Live T. weisflogii cultures were centrifuged into a
16
paste and, at the time of the filtration experiments, the paste was reconstituted with 
seawater in a blender. Preweighed amounts of kaolinite were stirred into the preblended 
algae suspensions for the experiments where kaolinite was added. By premixing the 
kaolinite and algae, the relative concentrations of T. weisflogii and kaolinite would 
remain constant throughout the experiments. The algae suspensions were added to the 
flume by a gravity feed system where the algae was kept in suspension. The addition of 
algae was relative to the flow speed so that the algae concentration ( million cells ml'1) 
would remain constant across the flows. In the head box of the flume, the algae 
suspension and flume water were fully mixed.
Oysters
All oysters used in these experiments were spawned at the VIMS hatchery and 
were maintained in off-bottom cultures at field sites in Gloucester, VA and near 
Wachapreague, VA. Prior to the initiation of the experiments, the oysters were brought 
in from the field and were maintained on flow through seawater tables. All fouling 
organisms were removed from the oysters.
Experimental Design
Flume experiments were designed to measure the filtration rates of the algae, 
Thalassiosira weisflogii, by a bed of oysters under different flow speeds and to measure 
the effect of an inorganic component, kaolinite, on the filtration rates. The filtration 
rates were calculated from the change in particle concentration across the bed of oysters. 
The first four experiments, E l, E2, E3, and E4, were designed to measure the effect of
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flow speed on oyster filtration rates (Table 2). Experiments E5 and E6 were designed to 
measure the effects of flow speed and suspended inorganic particles on oyster filtration 
rates. The treatments are defined by the composition of the seston added to the system,
T. weisflogii cells verses T. weisflogii cells and kaolinite particles. During E l, E2, E3, 
and E4, only T. weisflogii cells were added while during E5 and E6 T. weisflogii cells 
and kaolinite particles were added. Each individual experiment consisted of a separate 
oyster batch subjected to eight flow speeds; 0.65,1.0, 2.1,4.2, 6.0,10.4,13.7, and 
22.0 cm/sec. Each experiment was a replicate since each individual experiment 
consisted of a separate batch of oysters. The unique oyster batch associated with each 
experiment was designated by the same number as the experiment. For the two different 
seston treatments, control (dead oyster) experiments were conducted to measure the 
change in particle concentrations due to deposition and resuspension of particles. In 
these controls, oysters shells were filled with lead shot, glued shut, and substituted for 
live oysters. For each seston treatment, one to three controls and two to four live 
experiments were completed.
Ninety oysters were placed within the constrained flume channel in 30 staggered 
rows of three oysters each and were acclimated to the flume for a minimum of twenty 
four hours. All oysters remained in the flume for the duration of the experiment with 
minimal disturbance. The oysters were placed with their beaks facing into the flow and 
each oyster was numbered to allow for monitoring of individual feeding behavior 
throughout the experiment.
Each flow began with the addition of the T. weisflogii suspension to the head 
of the flume. At each flow speed within an experiment, particle concentrations were
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Table 2. Experimental Design
Experiment Treatment Seston
Flow
Speeds
(cm/sec)
Water
Temperature
(C)
Salinity
(PPt)
El 90 live oysters T. weisflogii 0.65, 1.0, 2.1, 4.2, 6.0, 10.4, 
13.7, 22.0
19.5-20.9 30
E2 87 live oysters and 
3 shells *
T. weisflogii 0.65, 1.0, 2.1, 
4.2, 6.0, 10.4, 
13.7, 22.0
20.2-21.5 29
E3 90 live oysters T. weisflogii 0.65, 1.0, 2.1, 4.2, 6.0, 10.4, 
13.7,22.0
20.0-21.5 30
E4 90 live oysters T. weisflogii 0.65, 1.0, 2.1, 4.2, 6.0, 10.4, 
13.7, 22.0
19.8-21.9 27
E5 90 live oysters T. weisflogii and kaolinite 0.65, 1.0, 2.1, 4.2, 6.0, 10.4, 
13.7, 22.0
18.4-21.9 33
E6 90 live oysters T. weisflogii and kaolinite 0.65, 1.0, 2.1, 4.2, 6.0, 10.4, 
13.7, 22.0
20.4-21.8 31
Cl 90 oyster shells T. weisflogii 0.65, 1.0, 2.1, 4.2, 6.0, 10.4, 
13.7, 22.0
18.2-21.4 32
C2 90 oyster shells T. weisflogii 0.65, 1.0, 2.1, 4.2, 6.0, 10.4, 
13.7, 22.0
20.0-21.3 31
C3 90 oyster shells T. weisflogii 0.65, 1.0, 2.1, 4.2, 6.0, 10.4, 
13.7,22.0
19.0-21.2 31
C4 90 oyster shells T. weisflogii and kaolinite 0.65, 1.0, 2.1, 4.2, 6.0, 10.4, 
13.7, 22.0
18.1 -22.0 30
* While removing the oyster meats from the shells, it was discovered that three of the shells were filled with 
mud rather than an oyster.
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measured upstream and downstream of the bed. The first sampling period was began 
after the oysters had been exposed to the algae for ten minutes. Samples were collected 
for twenty minutes. Five minutes after the termination of the first sampling period, a 
second sampling was begun. At the end of the second sampling period, the addition of 
algae was terminated.
During each sampling period and for a one hour period after the cessation of 
algae, the type of feeding behavior exhibited by each individual oyster was monitored. 
Two types of feeding behavior were monitored 1) the production of feces and 
pseudofeces and 2) the gape or opening of the oyster's shell. Prior to the initiation of 
each flow speed, the feces and pseudofeces were removed by siphon, so that the 
production of feces during each flow speed could be distinguish from the previous flow 
speed.
Two to three flow speeds were completed each day and each oyster batch was 
subjected to all flow speeds within a three to four day period. One to two hours after the 
first flow was completed, the second flow speed of the day was begun. Each experiment 
began with a different flow speed to separate the effect of the sequence of flow speed 
from the effect of flow speed on the filtration rates. At the end of each experiment, the 
height, width, and ash-free dry weight of each oyster in the batch was recorded.
The same procedures were followed in E5 and E6 with the exception of the 
timing of the sampling periods and the seston added. For Experiments E5 and E6, each 
flow speed began with the addition of the T. weisflogii and kaolinite suspension to the 
head of the flume. The flow speed of the water samples through the sampling tubes was
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increased to prevent the settling of fine kaolinite particles in the tubes. To compensate 
for the increased sampling rate, the sampling period was reduced to 10 minutes. In the 
event that there was a significant difference in the filtration rates over time, the time 
between the two sampling periods was increased to ten minutes to maintain consistency 
in the time between the initiation of algae addition and sampling period 2 for all 
experiments.
The procedures for sample collection and particle addition were repeated in each 
control experiment, respective of the seston treatment. The spatial location of each shell 
was changed prior each control experiment so that each control experiment, Cl, C2, and 
C3, was a replicate experiment. For C4, a unique set of shells was used by replacing 
some of the shells used in Cl, C2, and C3 with others. At the end of C3 and C4, the 
height and width of each shell was measured.
Three control experiments, C l, C2, and C3, and four live oyster experiments, E l, 
E2, E3, and E4, were conducted in which T. weisflogii was added and one control, C4, 
and two live oyster experiments, E4 and E5, in which T. weisflogii and kaolinite were 
added were completed. Since there were more flow speeds than experiments, this was 
not a full Latin Square design. E l, E2, E3, and E4 were conducted on November 16 to 
18, 1993, December 13 to 15, 1994, January 18 to 20, 1994, and March 23 to 25, 1994, 
respectively. E5 and E6 were conducted on May 5 to 6, 1994 and May 17 to May 19, 
1994, respectively. For all experiments, the salinity ranged from 27 to 33 parts per 
thousand and the water temperature ranged from 18.4 to 21.7 C (Table 2). Three cohorts 
spawned in 1991, 1992, and 1993 were used in these experiments with ninety oysters of
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the same cohort were randomly assigned to each experiment. In all cases, the oysters 
were of approximately the same size. Oysters spawned in 1991 were randomly assigned 
to E l, E2, and E3 and are designated as B l, B2, and B3, respectively. The oysters for E4 
and E5 were spawned in 1992 and are designated as B4 and B5, respectively. The 
oysters for E6 were spawned in 1993 and are designated as B6.
Sample Processing
The upstream and downstream particle concentrations were determined from the 
water samples collected during each sampling period. For each sampler location, three 
samples were collected at each height for a total of fifteen upstream and fifteen 
downstream samples per sampling period. The three samples collected at each height 
were pooled into one sample for analysis. After pooling samples laterally, there were 5 
upstream and 5 downstream samples for each sampling period.
Each pooled sample was analyzed for particle concentration and in vivo 
chlorophyll levels. Collected samples were kept on ice and in the dark until processed. 
Five milliliters of the pooled sample was filtered onto a 0.45 u Millipore filter. The 
filters were rinsed with borax to reduce acidity, wrapped in prelabeled aluminum foil, 
and frozen for later chlorophyll analysis. Following the procedures for the chlorophyll 
analysis using a fluorometer described in Strickland and Parsons (1968), the chlorophyll 
was extracted in acetone for 24 hours and the concentration of chlorophyll a was 
measured in a fluorometer. The reminder of the pooled sample was preserved with 
Lugol's solution and refrigerated for particle concentration analysis. All particle 
concentration analyses were performed on a Coulter Counter and were completed within
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a 36 hour period due to the agglutination of T. weisflogii particles with time. All samples 
were allowed to come to room temperature and were repeatedly inverted to resuspended 
the particles. The time between mixing and counting was minimized to prevent the 
settling of particles which would lead to an underestimation of the particle concentration.
Coulter Counter - Operation and Calibration
A Coulter Counter measures the particle concentration in a known volume of 
fluid. The Coulter Counter consists of an aperture tube, a vacuum pump, and two 
electrodes, one inside the tube and the other outside. An electrical current is generated 
through the tube's aperture by the two electrodes. As the vacuum pump draws the 
suspension through the aperture, the displacement of water by the individual suspended 
particles is detected by a break in the electrical current (Strickland and Parsons, 1968). 
The magnitude of the disturbance in the electrical current is linearly related to the size of 
the particle, when the diameter of the particle is 2 to 40 percent of the aperture's diameter 
(Strickland and Parsons, 1968). A minimum electrical disruption threshold can be 
calibrated to count particles above a specific volume. When the electrical disruption by a 
particle is greater than the threshold setting, the particle will be counted.
The Coulter Counter was calibrated to measure the concentration of the 
Thalassiosira weisflogii cells and kaolinite particles using the procedures described by 
Strickland and Parsons (1968). The Coulter Counter was calibrated by determining the 
optimum threshold settings for two types of particle samples, algae alone and in addition 
to kaolinite. The calibrated threshold setting was confirmed by comparing the particle 
concentrations of T. weisflogii suspensions determined using the Coulter Counter with
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concentrations determined using a hemocytometer. The particle samples from the 
T. weisflogii and kaolinite experiments were analyzed at two different threshold settings 
to separate the T. weisflogii concentration from the kaolinite concentration. Individual 
suspensions of T. weisflogii, kaolinite, and known combinations of T. weisflogii and 
kaolinite were counted at the two threshold settings. From the particle concentrations at 
the two threshold settings, two equations were generated to separate the T. weisflogii 
particle concentrations from the kaolinite particle concentrations. The filtration rates 
were not calculated from the calculated T. weisflogii particle concentrations because of 
the error associated with calculating the T. weisflogii particle concentrations would have 
then become incorporated into the filtration rates. The particle concentrations read at the 
higher threshold setting, which were essentially the concentration of T. weisflogii, were 
used to calculated filtration rates.
The Coulter Counter, fitted with a 100 u tube, counted particles with a diameter 
of 2 to 40 u. Each T. weisflogii cell was approximately 16 u in length, well within the 2 
and 40 u range, but 77.3 percent of the kaolinite particles were less than 2 u in diameter. 
Since the Coulter Counter could only count particles greater than 2 u, all kaolinite 
particle concentrations were multiplied by 1/0.227 to compensate for the limitations of 
the Coulter Counter.
Computation of Filtration Rates
Each particle sample was counted three times at the appropriate threshold setting 
and an mean ( x )  and a standard deviation (SD) for the three counts were calculated. A
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composite standard deviation (SD') value was derived from the individual standard 
deviations (SD-£SD/N) for each threshold setting. All values greater than three 
composite standard deviations (3SD') from the individual count mean were eliminated. 
Once all outlying particle concentrations were eliminated, the particle concentrations 
upstream and downstream of the oyster bed were calculated. For each sampling period, 
there were 5 upstream and 5 downstream samples. Coughlan's (1969) equation for 
filtration rates in still water was adapted and used to calculate filtration rates of the 
oyster bed in flowing water as follows:
m e,
m - laboratory filtration rate 
M - total volume of suspension
M   Cr  concentration upstream (Equation 4a)
 ^ lnC2 c 2- concentration downstream
nt n - biomass of oysters
t - time
a -control particle change rate- determined in a control 
experiment with no live organisms
M - total volume of suspension 
C r concentration upstream (Equation 4b)
M  - in control experiment
lnC2 Cf2- concentration downstream
in control experiment
t - time
n - number of oyster shells
a
Each term in the above equation was adapted to calculate filtration rates for these flume 
experiments. Time was a function of flow and was the resident time of the water parcel 
over the oyster bed computed as the length of the test section, 200 cm, divided by the 
free stream velocity. The volume of suspension was calculated from the dimensions the 
constricted area of the flume in which particle change was being measured. The water
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column was partitioned into two regions, the lower and upper region, to isolate the region 
where oyster filtration would have been most influential. The samples from the lowest 
two samplers (0.6 and 1.0 cm) were used to calculate the lower region filtration rates.
The lower region filtration rates measured the change in particle concentration for the 
area essentially within the oyster bed, the lower 1.5 cm of the water column. The 
dimensions of the lower region were 1.5 cm by 18.7 cm by 200 cm, (height, width, and 
length, respectively), for a total volume 5.61 liters. The upper region filtration rates, the 
upper 8.5 cm of the water column, measured the change in particle concentration in the 
region at the top of and above the bed. The samples from the upper three samplers (2.1, 
4.2, and 6.6 cm) measured the particle change from the upper 8.5 cm of the water 
column. The dimensions of the upper region were 8.5 cm by 18.7 cm by 200 cm, (height, 
width, and length, respectively), for a total volume 31.79 liters.
In these experiments, the change in particle concentration was measured over a 
bed of ninety oysters. The three filtration rates calculated were based on the following 
criteria 1) the number of oysters in the flume 2) the number of oysters that were open,a 
liberal estimate of the number of oysters feeding, and 3) the number of oysters that 
produced feces, a conservative estimate of the number of oysters feeding. The notation 
for each of these rates are m-all, m-open, and m-feces, respectively. In B2, there were 87 
live oysters and 3 empty shells. While removing the oyster meats from the shells, it was 
discovered that three of the shells were filled with mud rather than an oyster. All 
calculations were adjusted for the reduced number of live oysters. All live filtration rates 
are reported on a per biomass basis by substituting the number of oysters with an ash-free
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dry weight value. The biomass value used was calculated by multiplying the number of 
oysters by the average weight of the oysters for the respective batch.
The change in particle concentration with no live organisms was measured in 
control experiments where live oysters were replaced with sealed oyster shells as 
previously described. The rates derived from these experiments are referred to as the 
control rates. A mean control rate (a) from each experiment and flow speed was derived 
from the control rates for sampling periods one and two. A singular value is reported 
since only one value is necessary for "a" in the computation of filtration rates (Equation 
4a). Rather than reporting the control rates as liters per hour per oyster shell, these rates 
are reported as a liters per hour per biomass oyster so that comparisons with live 
filtration rates could be facilitated. The dry weight chosen for this calculation was 
0.60 g, the average ash-free dry weight of the oysters used in the live experiments.
Statistical Analyses
Observed differences between upstream and downstream particle concentrations 
in control (dead oyster) experiments must represent deposition, resuspension, or simply 
error in the estimation technique. Observed differences between estimates of upstream 
and downstream particle concentration were computed as given in Equation 4b. The 
significance of control rate differences were evaluated using a two-way, fixed factor 
analysis of variance for Cl, C2, and C3 and a one-way, fixed factor analysis of variance 
for C4. For each seston treatment, the relationship between control rates and flow speed 
was evaluated using linear regression analysis.
Variation in filtration rates was evaluated in relation to experiment, flow, and
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sampling period using a three-way, fixed factor, full factorial analysis of variance.
Results from E l, E2, E3 and E4 were analyzed separately from those of E5 and E6. The 
results from the upper and the lower regions were analyzed separately and an analysis of 
variance conducted for each of the m-all, m-open and m-feces filtration rates. When 
significant interactions were observed, data sets were partitioned and lower level analysis 
of variances were performed. Where significant main effects were observed, differences 
between individual levels were evaluated using Tukey's a posteriori multiple comparison 
test.
Comparisons of the upstream and downstream particle concentrations profiles 
were completed by using particle counts that were normalized to remove the variance in 
particle concentrations between experiments. The concentrations were standardized 
separately for each flow speed. Once particle counts were normalized, visual 
comparisons of the change in particle concentrations between all experiments, control 
experiments and live experiments, were completed.
The filtration rates were compared with mean control rates for each respective 
flow speed to measure the significance of the filtration rates. For each region (lower and 
upper), mean filtration rates for sampling period 1 and for sampling period 2 were 
calculated for each flow speed. Assuming a time variance in oyster filtration, the 
filtration rate for sampling period 1 and sampling period 2 were analyzed separately. A 
two sample t-test, assuming unequal variances, was used to compare the filtration rate for 
each sampling period against the control rate.
The effect of the sequence of flows within the experiment and the effect of the
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daily sequence of flows on oyster feeding behavior were evaluated using linear 
regression analysis. An entire experiment of eight flow speeds was completed in three 
to four days with two to four flows completed each day. Each flow speed was assigned a 
value between one and four based on the chronological order of flows each day and a 
value between one and eight based on the sequence of flows within each experiment. A 
linear regression analyses of the number of oysters open and the number of oysters 
producing feces with the daily flow sequence and the experiment flow sequence were 
used to measure each effect.
In each experiment, an analysis of variance was used to test for differences in the 
mean height of oysters between each batch of oysters including the oyster shells used in 
the controls. A fixed factor, one-way analysis of variance was used to test for differences 
in the condition index between each oyster batch. A fixed factor, two-way analysis of 
variance was used to test for differences in the feeding activity of the oysters within each 
batch and flow speed. For all statistical tests, the alpha level was 0.05.
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RESULTS
All outlying particle counts were deleted by the method previously described.
Each individual count that was greater than three composite standard deviations from the 
respective sample mean was deleted. The composite standard deviation for the data from 
E l, E2, E3, E4, C l, C2, and C3 was 139. The total number of particle counts was 2880 
and 196 counts, or 6.8%, of those counts were deleted. In the E5, E6, and C4, the 
composite standard deviation was 38.9. A total of 1440 particle counts were completed 
and 33 counts, or 2.3%, of those counts deleted.
The filtration rates were calculated from the change in particle concentration 
across the oyster bed. Chlorophyll concentrations were not used to compute filtration 
rates, but the upstream chlorophyll concentrations are reported. A positive relationship 
existed between particle concentrations and chlorophyll concentrations in all 
experiments and was used to evaluated the calculation of T. weisflogii particle 
concentrations in E5 and E6. For E5 and E6, the kaolinite concentrations were not used 
to calculate filtration rates, but the upstream kaolinite concentrations are reported. The 
three filtration rate computed for each flow speed were the filtration rates for the entire 
bed of oysters, m-all, the filtration rate for only those oysters open, m-open, and the 
filtration rate for those oysters producing feces, m-feces. Since the focus of this 
experiment is to better understand the filtration capacity of an oyster bed, only the plots 
of the m-all filtration rates were given.
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Results of Experiments C l. C2. C3, E l, E2. E3. and E4
There was an incomplete mixing of particles within the water column for the first 
sampling period of Cl and C2 at the flow speed of 0.65 cm s T h e s e  samples were not 
used, but reliable data was available for sampling period 2 at this speed in these 
experiments. For C3, the data for sampling period 1 of the flow speed of 2.1 cm s 1 was 
incomplete and thus was not used. The lower region control rates were approximately 
zero (Fig. 3a, Table 3). Two-way analysis of variance indicated that the lower region 
control rates were significantly different between controls (Table 4). There was no 
significant relationship between the lower region control rates and flow speed (Table 5). 
The relationship between the upper region control rates and flow speed was oscillatory 
(Fig. 3b, Table 6) and was not statistically significant (Table 4). Upper region control 
rates did not vary significantly between experiments and flow speed (Table 6). Since the 
relationship between the control rates and flow speed was neither significant nor evident, 
a value of zero was chosen to be used for the control rate in the calculation of the live 
filtration rates.
The upper region filtration rates and flow speed showed np clear relationship for 
the four live experiments (Fig. 4b) (Table 7). Experiment, flow speed, and their 
interaction had significant effects on each filtration rates, m-all, m-open, and m-feces 
(Table 8). Since sampling period was not a significant factor, the analysis was repeated 
as a two-way analysis of variance. Using the two sequential sampling periods within 
each flow speed as replicate samples, significance effects of experiment, flow speed, and 
their interaction persisted (Table 9). Thus, each experiment was analyzed separately.
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Figure 3. Control Rates for C l, C2, and C3, noted by o, □, and +, respectively, 
in the a) lower region and b) upper region
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Table 3. Lower Region Control Rates for C l, C2, C3
Upstream Upstream Downstream Control Rates
Experiment Flow Sampling Chlorophyll a Particle Particle Average
Speed Period Concentration Concentration Concentration m-aU
(cm/sec) (ugd) (part/ml) (part/ml) (1/sheU-hr)*
Control 1 0.65 1
Control 1 0.65 2 22.60 7362 11151 -0.3028
Control 1 1 1 12.90 9398 10384
Control 1 1 2 24.95 9638 10151 -0.0851
Control 1 2.1 1 15.10 6203 6411
Control 1 2.1 2 29.35 9584 8839 0.0564
Control 1 4.2 1 23.70 7557 7989
Control 1 4.2 2 41.50 11583 11441 -0.1020
Control 1 6 1 34.36 13763 13281
Control 1 6 2 52.75 22548 21912 0.2164
Control 1 10.4 1 41.25 20808 21950
Control 1 10.4 2 22.75 26985 26683 -0.2462
Control 1 13.7 1 50.00 36793 36113
Control 1 13.7 2 74.70 45360 46256 -0.0072
Control 1 22 1 32.25 40768 40975
Control 1 22 2 74.50 57446 60022 -0.6039
Control 2 0.65 1
Control 2 0.65 2 23102 19197 0.1350
Control 2 1 1 39.00 18025 15065
Control 2 1 2 39.00 18497 18800 0.0915
Control 2 2.1 1 51.25 21491 19598
Control 2 2.1 2 45.75 23055 21712 0.1794
Control 2 4.2 1 55.00 26906 25649
Control 2 4.2 2 68.50 32639 31983 0.1606
Control 2 6 1 63.20 27587 26674
Control 2 6 2 72.50 31824 29900 0.3232
Control 2 10.4 1 97.50 49200 46719
Control 2 10.4 2 103.50 56457 53843 0.5784
Control 2 13.7 1 26.00 16739 15764
Control 2 13.7 2 80.50 41483 39994 0.7425
Control 2 22 1 121.35 69711 67840
Control 2 22 2 176.00 82793 79107 0.8979
Control 3 0.65 1 8816 9889
Control 3 0.65 2 6885 8223 -0.1066
Control 3 1 ' 1 15.75 24008 21392
Control 3 1 2 50.25 22612 19480 0.1484
Control 3 2.1 1 36.75 20104 18708
Control 3 2.1 2 33.50 16870 16297 0.1255
Control 3 4.2 1 16.20 11192 10966
Control 3 4.2 2 14.70 9032 8865 0.0919
Control 3 6 1 19.40 10787 10287
Control 3 6 2 21.10 11916 11899 0.1646
Control 3 10.4 1 24.25 14161 13572
Control 3 10.4 2 22.70 12962 13727 -0.0868
Control 3 13.7 1 27.50 15656 15867
Control 3 13.7 2 29.25 17600 17329 0.0164
Control 3 22 1 19.00 10577 10370
Control 3 22 2 21.65 12750 12151 0.8375
Average
m-al]
(l/'g-hr)**
-0.5002 
-0.1406 
0.0931 
-0.1686 
0.3575 
-0.4068 
- 0.0120 
-0.9976 
0.2231 
0.1512 
0.2963 
0.2654 
0.5339 
0.9556 
1.2267 
1.4833 
-0.1761 
0.2451 
0.2073 
0.1518 
0.2719 
-0.1435 
0.0270 
1.3836
Table 4. Results of Two-Way Analysis of Variance for C l, C2, and C3
Results of Two-Way Analysis of Variance for Lower Region Control Rates
Source DF SS MS F P
EXPERIMENT (A) 2 2.99 1.50 6.00 0.01
FLOW SPEED (B) 7 1.23 0.18 0.71 0.67
ERROR 14 3.49 0.25
TOTAL 23 7.71 7.71
Results of Two-Way Analysis of Variance for Upper Region Control
Source DF SS MS F P
EXPERIMENT (A) 2 51.12 25.56 3.29 0.07
FLOW SPEED (B) 7 3.77 0.54 0.07 1.00
ERROR 14 108.8 7.77
TOTAL 23 163.7
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Table 5. Regression Analyses of C l, C2, and C3
Regression Analysis for lower region data
Analysis____________r2 (%) N______P
Control Rate and 0.11 24 0.11
Flow Speed
Regression Analysis for upper region data
Analysis____________r2 (%)_____ N______P
Control Rate and 0.01 24 0.68
Flow Speed
* DENOTES SIGNIFICANT FACTOR (p<0.05)
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Table 6. Upper Region Control Rates for C l, C2, and C3
Upstream Upstream Downstream Control Rates
Experiment Flow Sampling Chlorophyll a Particle Particle
S peed Period Concentration Concentration Concentration m-all
(cm/sec) (ug/l) (part/ml) (part/ml) (l/shell-hr)*
Control 1 0.65 1
Control 1 0.65 2 19.47 7679 8140 -0.2411
Control 1 1 1 22.70 9274 8702
Control 1 1 2 26.37 8788 10152 -0.2562
Control 1 2.1 1 14.77 5750 6219
Control 1 2.1 2 27.67 9067 9148 -0.5822
Control 1 4.2 1 19.51 7057 7689
Control 1 4.2 2 31.83 10611 10954 -1.5710
Control 1 6 1 29.83 13152 13716
Control 1 6 2 38.00 21032 22461 -2.0550
Control 1 10.4 1 33.83 19752 20543
Control 1 10.4 2 39.92 25640 26797 -2.7579
Control 1 13.7 1 52.32 33869 36345
Control 1 13.7 2 80.00 46201 45694 -2.5921
Control 1 22 1 58.17 39414 41389
Control 1 22 2 84.47 55349 57302 -5.8442
Control 2 0.65 1
Control 2 0.65 2 25010 24791 0.0364
Control 2 1 1 43.17 20826 20324
Control 2 1 2 35.83 19071 18579 0.1609
Control 2 2.1 1 51.25 21491 19598
Control 2 2.1 2 45.75 23055 21712 1.0163
Control 2 4.2 1 55.50 28751 26239
Control 2 4.2 2 58.33 32924 30497 2.2429
Control 2 6 1 58.00 27849 27786
Control 2 6 2 54.17 30989 31792 -0.4449
Control 2 10.4 1 95.00 47609 45496
Control 2 10.4 2 95.33 55380 55185 1.6180
Control 2 13.7 1 32.17 17134 15723
Control 2 13.7 2 69.83 7.4859
Control 2 22 1 137.67 69412 69397
Control 2 22 2 173.67 80177 79532 0.5793
Control 3 0.65 1 14.63 9219 9231
Control 3 0.65 2 10.57 6355 8115 -0.5079
Control 3 1 1 48.50 23848 22236
Control 3 1 2 43.50 19312 20466 0.0381
Control 3 2.1 1
Control 3 2.1 2 32.33 16753 16795 -0.0333
Control 3 4.2 1 19.17 10419 10213
Control 3 4.2 2 14.70 9459 9049 0.8583
Control 3 6 1 21.10 11054 10518
Control 3 6 2 20.60 11796 11799 0.9411
Control 3 10.4 1 20.33 13586 13374
Control 3 10.4 2 20.22 12485 13108 -1.0897
Control 3 13.7 1 24.67 14933 15540
Control 3 13.7 2 28.33 17012 18538 -5.4771
Control 3 22 1 18.50 10588 10636
Control 3 22 2 24.23 13664 12978 3.2885
m-all
(1/g-hr)**
-0.3983 
-0.4233 
-0.9618 
-2.5955 
-3.3950 
-4.5562 
-4.2823 
-9.6551 
0.0601 
0.2658 
1.6791 
3.7055 
-0.7350 
2.6731 
12.3673 
0.9570 
-0.8391 
0.0630 
-0.0549 
1.4180 
1.5548 
-1.8002 
-9.0485 
5.4328
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Figure 4. Filtration Rates of E l, E2, E3 and E4, noted by □, o , V, and X, 
respectively, in the a) lower region and b) upper region
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Table 7. Upper Region Filtration Rates for fcl, t,2, £.3, and U4
Upstream Upstream Downstream Oyster Filtration R ates
Flow Sampling Chlorophyll a Particle Particle
Speed Period Concentration Concentration Concentration m-all m-open m-fcces
(em/seel (ug/l.) (part/ml.) (part/ml.) (i/g-hr»* (l/g-hr)” ( l/g -h rr
0.65 I 52.17 21345 22298 -0.67 -2.07 -2.61
0.65 2 36.83 I5S43 1 6780 -0.SS -2.72 -3.43
1 1 IS.63 11132 12204 -2.16 -5.40 -6.4S
) 2 I S. 23 1067S 12234 -3.20 -'-99  -9.59
2.1 I 13.33 8851 9515 -3.57 -22.93 -45.86
2.1 2 19.70 107S7 11216 -1.92 -12.35 -24,70
4.2 1 32.17 16483 16613 -0.78 - i .2 i  -1.94
4.2 2 45.67 22833 23251 -1.79 -2.78 -4.48
6 1 48.33 25372 27235 -9.99 -14.74 -17.63
6 2 59.83 30955 33386 -10.66 -15.72 -iS.Su
10.4 I 63.12 35156 36417 -S.6I -1271 -I5.S2
10.4 2 71.67 37052 40922 -24.2S -35.S2 -44.60
13 7  i 36.33 17310 18595 -23.05 -57.61 -76.82
1 3 7  2 38.83 205S6 2266S -31.01 -77.53 -I03.3S
22 1 59.83 26392 23101 -32.43 -66.34 -S5.S5
22 2 109.00 47772 50529 -29.00 -59.32 -76.77
0.65 1 16.67 9903 9169 1 IS 5.39 12.80
0.65 2 9.S7 5 $80 6100 -0.56 -2.5S -6.12
1 1 39.67 19912 18042 2.32 7.47 U .S 6
1 2 48.83 19402 19512 -0.13 -0.42 -0.67
2.1 I 35.00 17924 16771 3.2S 9.S4 U .S 9
2.1 2 41.43 16243 17177 -2.76 -8.2N -10.00
4 .2  I 24.70 11898 13348 -11.35 -58.09 -82.30
4.2 2 31.00 14262 14901 4 .3 3  -22.14 -31.36
0 l 31.83 14676 15100 -4.02 -12.05 -I5 .S 8
6  2 40.17 1 9306 20138 -5.95 -17.85 -23.53
10.4 I 35.33 15745 16S2S -16.25 -32.SS -36.25
10.4 2 47.83 17600 18694 -14.73 -29.80 -32.85
13.7 1 3S.33 24441 24071 4.90 7.90 9.92
13.7 2 90.00 39702 3968S 0.12 0.19 0.24
22 1 109.00 48050 49622 -16.64 -26.81 -10.22
22 2 189.00 77134 79215 -13.76 -22.17 -33.26
0.65 1 24.99 19784 16657 2.63 10.28 13.14
0.65 2 24.10 1S225 16S54 1.19 4.67 5.97
1 1 23.37 22451 21501 1.02 6.53 11.43
1 2 25.33 2300S 20472 2.74 1 7.64 30.S7
2.J 1 20.63 I63S4 ) 55X4 2.47 10.58 13.89
2.1 2 24.50 IS246 16662 4.48 19,20 25.20
4.2 I 25.67 I5S27 15492 2.11 11.16 15.S1
4.2 2 27.50 i 9026 19165 -0.72 -3.Si -5.40
6 1 39.67 26624 2S965 -11.88 -39.61 -62.91
6 2 52.50 33244 34S41 -6.62 -22.05 -35.02
10.4 1 57.67 3757! 3S653 -6.94 -1S.93 -23.13
10.4 2 58.S3 46935 48080 -5.89 -16.06 -19.63
13.7 1 53.33 35307 3543S -1.19 -2.24 -2.S3
13.7 2 70.33 42020 42542 -3.98 -7.46 -9.42
22 I 59.00 44880 47770 -32.26 -55.S3 -64.51
22 2 S I .17 54114 55340 -U .9S  -20.04 -23.16
0.65 1 7.23 9219 10337 -1.00 -2.26 -2.38
0.65 2 1.21 6355 8115 -2.14 -4.S2 -5.08
I 1 21720 &52J 12.63 23.67 24.70
I j  24079 9936 11.94 22.40 23.37
2.1 I 4 1.S3 21231 17004 6.29 26.96 29.80
2.1 2 27.70 1552! 15850 -0.59 -2.55 -2.S1
4.2 1 38.17 20739 20757 -0.05 -0.13 -0.15
4.2 2 26.33 17679 1 6961 2.35 6.04 7.05
6 1 32.50 16579 15113 7,50 14.35 14.99
6 2 33.50 17740 1563S 10.21 19.55 20.42
10.4 1 31.33 I63S9 16190 1.72 7,73 9.09
10.4 2 27.S3 14477 13S79 5.92 26.64 31.34
13.7 1 24.67 12140 12174 -0.52 -1.42 -1.56
13.7 2 22.80 9412 9885 -9.05 -24.69 -27.16
22 1 16264 15357 1 7.05 37.42 45.13
22 2 15442 15297 2.79 6.13 7.40
* filtration rates are reported in liters /  g. dry wt. oyster - hour
Table 8. Results of Three-Way Analysis of Variance of Upper Region Filtration Rates 
for E l, E2, E3, and E4
Three-Way Analysis of Variance for m-all
Source DF SS MS F P
EXPERIMENT (A) 3 1953 651 31.7 0.000
FLOW SPEED (B) 7 1953 279 13.6 0.000
PERIOD (C) I 10 10 0.5 0.483
A*B 21 2322 111 5.4 0.000
A*C 3 85 28 1.4 0.277
B*C 7 112 16 0.8 0.610
A*B*C 21 432 21
TOTAL 63 6868
ree-Way Analysis o f Variance for m-open
Source DF SS MS F P
EXPERIMENT (A) 3 9890 3297 24.2 0.000
FLOW SPEED (B) 7 7665 1095 8.0 0.001
PERIOD (C) 1 28 28 0.2 0.653
A*B 21 14173 675 5.0 0.000
A*C 3 398 133 1.0 0.424
B*C 7 648 93 0.7 0.688
A*B*C 21 2862 136
TOTAL 63 35664
ree-Way Analysis of Variance for m-feces
Source DF SS MS F P
EXPERIMENT (A) 3 16475 5492 23.3 0.000
FLOW SPEED (B) 7 12555 1794 7.6 0.001
PERIOD (C) 1 23 23 0.1 0.756
A*B 21 25339 1207 5.1 0.000
A*C 3 607 202 0.9 0.477
B*C 7 1004 143 0.6 0.742
A*B*C 21 4946 236
TOTAL 63 60950
* DENOTES SIGNIFICANT FACTOR (p<0.05)
Table 9. Results of Two-Way Analysis of Variance of Upper 
and E4
Two-Way Analysis of Variance for m-all
Source DF SS MS
Region Filtration Rates
F P
for
EXPERIMENT (A) 3 1953 651 32.6 0.000 *
FLOW SPEED (B) 7 1953 279 14.0 0.000 *
A*B 21 2322 111 5.5 0.000 *
Error 32 639 20
TOTAL 63 6868
Two-Way Analysis of Variance for m-open
Source DF SS MS F p
EXPERIMENT (A) 3 9890 3297 26.8 0.000 *
FLOW SPEED (B) 7 7665 1095 8.9 0.000 *
A*B 21 14173 675 5.5 0.000 *
Error 32 3937 123
TOTAL 63 35664
Two-Way Analysis of Variance for m-feces
Source DF SS MS F p
EXPERIMENT (A) 3 16475 5492 26.7 0.000 *
FLOW SPEED (B) 7 12555 1794 8.7 0.000 *
A*B 21 25339 1207 5.9 0.000 *
Error 32 6581 206
TOTAL 63 60950
* DENOTES SIGNIFICANT FACTOR (p<0.05)
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For each experiment, a one way analysis of variance was used to evaluate the 
effect of flow speed on filtration rates in the upper region (Table 10). For E l, E2, and E3, 
there were significant differences in the filtration rates, for each m-all, m-open, and 
m-feces, measured at the different flow speeds. While for E4, flow speed did not have a 
significant effect on the filtration rates, m-all, m-open, and m-feces. The variations of 
filtration rates with flow speed were monotonic for the experiments, E l, E2, and E3 
(Table 11). For E l, E2, and E3, the upper region filtration rates for flow speeds 
< 6 cm sec-1 were generally similar, while the filtration rates for flow speeds > 6 cm sec'1 
were similar (Table 11).
The relationship between the lower region filtration rates and flow speed showed 
no consistent pattern between the four experiments (Fig. 4a) (Table 12). A three-way 
analysis of variance of indicated that there was a significant difference in the filtration 
rate of each experiment for all filtration rates, m-all, m-open, and m-feces (Table 13). 
Although there was not a strong interactive term of experiment and flow speed in the 
lower region analysis, each experiment was analyzed separately as in the upper region 
analysis. For each experiment, a one way analysis of variance was completed to evaluate 
the effect of flow speed on the filtration rates (Table 14). Only in El were there 
significant differences in the filtration rates (m-all, m-open, and m-feces) for the eight 
flow speeds (Table 14). Tukey's a posteriori multiple comparison test revealed that the 
variations in filtration rates with flow speeds were non-monotonic (Table 15). In E2, E3, 
and E4, flow speed did not have a significant effect on the filtration rates, m-all, m-open, 
and m-feces (Table 14).
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Table 10. Results of One-Way Analysis of Variance of Upper Region Filtration Rates for E l, E2, E3, 
and E4
One -Way Analysis o f Variance for Experiment 1 m-all
Source DF S S _____________MS______  F_______________P______
Flow speed 7 2020 289 14.17 0.001 *
Error 8 163 20
TOTAL 15 2183
One-Way Analysis of Variance for Experiment 1 m-open 
Source DF SS MS F P
Flow speed 7 9538 1363 19.77 0.000 *
Error 8 551 69
TOTAL 15 10089
One-Way Analysis o f Variance for Experiment 1 m-feces 
Source DF SS MS F p
Flow speed 7 16463 2352 18.08 0.000 *
Error 8 1041 130
TOTAL 15 17504
One- Way Analysis of Variance for Experiment 2 m-all 
Source DF SS MS F p
Flow speed 7 743 106 12.86 0.001 *
Error 8 66 8
TOTAL 15 809
One-Way Analysis of Variance for Experiment 2 m-open 
Source DF SS MS F p
Flow speed 7 4335 619 5.30 0.016 *
Error 8 935 117
TOTAL 15 5270
One-Way Analysis of Variance for Experiment 2 m-feces 
Source DF SS MS F P
Flow speed 7 8048 1150 4.84 0.021 *
Error 8 1901 238
TOTAL 15 9948
* DENOTES SIGNIFICANT FACTOR (p<0.05)
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Table 10 (cont.). Results of One- Way Analysis of Variance for Each Experiment
One-Way Analysis of Variance for Experiment 3 m-all
Source DF SS MS F P
Flow speed 7 1022 146 5.02 0.019
Error 8 232 29
TOTAL 15 1254
One-Way Analysis of Variance for Experiment 3 m-open
Source DF SS MS F P
Flow speed 7 5611 802 6.17 0.010 *
8 1039
TOTAL 15 6649
One-Way Analysis of Variance for Experiment 3 m-feces
Source DF SS MS F P
Flow speed 7 10471 1496 6.74 0.008 *
Error 8 1775 222
TOTAL 15 12247
One-Way Analysis of Variance for Experiment 4 m-all
Source_________ DF_______ SS______________ MS_____________ F_______________P_____
Flow speed 7 490 70 3.15 0.065
TOTAL 15 668
One-Way Analysis o f Variance for Experiment 4 m-open
Source_________ DF_______ SS______________ MS_____________ F______________ P_____
Flow speed 7 2354 336 1.91 0.193
8 1411 176
TOTAL 15 3765
One-Way Analysis o f Variance for Experiment 4 m-feces
Source_________ DF_______ SS______________ MS_____________ F______________ P_____
Flow speed 7 2912 416 1.79 0.217
TOTAL 15 4776
* DENOTES SIGNIFICANT FACTOR (p<0.05)
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Table 11. Tukey's a posteriori multiple comparison tests for the upper region 
filtration rates for E l, E2, and E3
Each group of filtration rates for each flow speed which are not significantly 
different from one another are grouped in a single column and noted with *.
Flow Speed El E2 E3
Homogeneous
Groups
Homogeneous
Groups
Homogeneous
Groups
0.65 * * *
1.0 * * *
2.1 * * *
4.2 * * * *
6.0 * * * * * *
10.4 * * * *
13.7 * * * *
22 * * *
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Table 12. Lower Region Filtration Rates for El, E2, E3, and E4
Upstream Upstream Downstream Oyster F i Itraii on Rates
Experiment Flow Sampling Chlorophyll a Particle Particle
Speed Period Concentration Concentration Concentration m-aJl m-open m-feces
(C7TVSCC) (U2f\) 1. part/ml) (part'ml.) (l/g-hri* i l /s -h r r (I/g -h rr
0.65 1 49.00 24206 21523 0.32 0.9S 1.24
0.65 36.50 16215 I655S -0.06 -0.17 -0.22
1 1 19.85 12104 11984 0.04 0.10 0.12
1 2 19.50 12034 11350 0.24 0.6! 0.73
2.1 1 15.01 9055 909S -0.04 -0.26 -0.53
2.1 2 IS.75 1 12S7 10S31 0.36 2.31 4.62
4.2 I 32.25 16626 15.304 1.44 2.24 3.61
4.2 2 45.00 24S52 21906 2.20 3.41 5.49
6 1 50.00 26S77 26073 0.75 1.11 1.33
6 2 52.25 32802 30917 1.47 2.17 2 .60
10.4 1 72.25 37692 35341 2.78 4 .10 5.10
10.4 2 39947 39469 0.52 0.77 0.95
13.7 1 53.50 1890$ 1S10S 2.46 6.14 S .19
13.7 2 39.25 23199 21S56 3.39 S.47 11.30
22 1 118.00 27896 2722S 2.21 4.52 5.35
22 2 66.50 51083 49698 2.51 5.13 6.64
2 0.65 1 17.55 10170 8404 0.51 2.3S 5.59
2 0.65 2 9.75 5445 5636 -0.09 -0.42 -1.01
2 1 I 47.50 21503 17205 0.92 2.9S 4.73
2 J 2 50.25 20505 21891 -0.27 -0.S7 -1.39
2 2.1 1 46.00 20080 16599 1.66 4 .97 6.01
2 2.1 2 42.50 19477 16815 1.28 3.84 4.64
2 4.2 1 29.00 12590 12441 0.2! 1.06 1.50
2 4 .: 2 32.3S 15061 14657 0.47 2.43 3,14
2 6 1 39.25 15081 15086 -0.01 -0.02 -0.03
2 6 2 4S.OO 19646 201SS -0.6S -2.03 -2.6S
2 J0.4 1 36.20 15792 17295 -3.92 -7.93 •8.74
2 104 2 33.33 16X04 16513 0.75 1.52 1.68
2 13.7 1 105.50 25672 24 SOS 2.64 4.25 5.33
2 13.7 2 51 "J 40504 42918 -3.29 -5.30 -6.6?
2 22 1 190.00 50162 51539 -2.47 -3.9S -5.97
2 22 2 130.00 S0207 79949 0.29 0.47 0.71
3 0.65 1 2 2 .IS 17359 17242 0.02 0.07 0.09
3 0.65 2 25.57 17233 1636S 0.14 0.54 0.69
3 I 1 25.25 23526 20129 0.65 4.16 7.2S
3 1 2 2S.45 21139 I7S35 0.70 4.53 7.93
2.1 1 23.40 17141 17329 -0.10 -0.41 -0.54
3 2.1 2 23.45 1S021 16941 0.54 2.30 3.03
3 4.2 ] 26.50 16040 15353 0.76 4.04 5.72
3 4.2 2 28.25 184S3 19091 -0.59 -3.13 -4.43
3 6 1 45.75 27051 27704 -0.59 -1.98 -3.14
3 6 2 60.00 33S96 356"5 -1.27 -1.24 -6.74
3 10.4 1 45.50 3SS50 39153 -0.33 •0.91 -1.11
3 10.4 2 79.00 4770S 4S126 -0.3S -1.03 -1.25
3 13.7 1 72.00 35201 36379 -1.87 -3.51 -4.43
3 13.7 2 46.50 43631 44341 -0.92 -1.72 -2.17
3 1 73.00 46321 46241 0.16 0.27 0.31
22 2 S4.75 55622 56596 -1.58 -2.74 -3.17
4 0.65 1 6.05 SSI 6 9SS9 -0.1S -0.40 -0.42
4 0.65 2 7.7S 6SS5 S223 -0.27 -0.62 -0.65
4 1 1 2070S 9252 1.92 3.60 3.75
4 1 2 23724 9689 2.13 4.00 4.17
4 2.1 1 44.75 21114 16SSS 1.12 4 .79 5.29
■t 2.1 2 29.00 15427 15473 -0.0! -0.06 -0.07
4 4.2 1 39.50 21710 18128 1.80 4.64 5.11
4 4.2 : 34.00 19S99 15504 2.50 6.42 7.49
4 6 i 36.25 17*702 15699 1 " 2 3.28 3.43
4 6 2 33.00 19206 15032 3.50 6.70 7.00
4 10.4 1 17.25 16981 15601 2.10 9.45 11.12
4 10.4 2 31.25 13 $90 14446 -0.97 -4.37 -5.15
4 13.7 1 27.00 12864 10S63 5.51 15.04 16.54
4 13.7 2 : ; . 7 j 10530 102S4 0.77 2.10 2.31
4 22 1 16783 1-1471 7.77 17.05 20.56
4 22 2 16458 15434 3.37 7.39 S.91
* f i l t r a t i o n  r a t e s  a r e  r e p o r t e d  in  l i t e r s  /  g .  d r y  w t .  o y s t e r  -  h o u r
Table 13. Results of Three-Way Analysis of Variance of Lower Region Filtration Rates for E l, E2, E3, and E4
Three-Way Analysis o f Variance for m-all
Source DF SS MS F P
EXPERIMENT (A) 3 61.1 20.4 8.1 0.001
FLOW SPEED (B) 7 14.7 2.1 0.1 0.566
PERIOD (C) 1 2.7 2.7 1.1 0.309
A*B 21 67.7 3.2 1.3 0.284
A*C 3 4.9 1.6 0.7 0.593
B*C 7 8.6 1.2 0.5 0.832
32 6 2 5
TOTAL 63 212.3
ee-Way Analysis of Variance for m-open 
Source DF SS MS F P
EXPERIMENT (A) 3 274.2 91.4 6.5 0.003
FLOW SPEED (B) 7 97.7 14.0 1.0 0.463
PERIOD (C) 1 29.4 29.4 2.1 0.163
A*B 21 357.8 17.0 1.2 0.332
A*C 3 56.2 18.7 1.3 0.291
B*C 7 31.2 4.5 0.3 0.938
A*R*C 21 295.4 14.1
TOTAL 63 1142.0
ee-Way Analysis of Variance for m-feces 
Source DF SS MS F P
EXPERIMENT (A) 3 348.8 116.3 5.3 0.007
FLOW SPEED (B) 7 158.8 22.7 1.0 0.435
PERIOD (C) 1 46.3 46.3 2.1 0.160
A*B 21 614.8 29.3 1.3 0.254
A*C 3 77.9 26.0 1.2 0.338
B*C 7 41.0 5.9 0.3 0.960
A*B*C 21 458.5 21.8
TOTAL 63 1746.1
* DENOTES SIGNIFICANT FACTOR (p<0.05)
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Table 14. Results of One-Way Analysis of Variance of Lower Region Filtration Rates for E l, E2, E3, 
and E4
One-Way Analysis of Variance for Experiment 1 m-all
Source________ DF_________ SS____________ MS______________ F______________ P_______
Flow speed 7 16.38 2.34 5.01 0.019 *
TOTAL 15 20.12
One-Way Analysis o f Variance for Experiment 1 m-open
Source________ DF_________ SS_____________MS______________ F_______________P_______
Flow speed 7 80.89 11.55 6.70 0.008 *
TOTAL 15 94.69
One-Way Analysis of Variance for Experiment 1 m-feces
Source________ DF_________ SS_____________MS______________ F_______________P_______
Flow speed 7 141.29 20.18 5.24 0.016 *
TOTAL 15 172.11
One-Way Analysis of Variance for Experiment 2 m-all
Source________ DF_________ SS_____________MS______________ F_______________P_______
Flow speed 7 12.43 1.78 0.42 0.862
TOTAL 15 45.95
One-Way Analysis o f Variance for Experiment 2 m-open
Source DF SS MS F P
Flow speed 7 77.63.91 11.09 0.77 0.627
Error 8 115.01 14.38
TOTAL 15 192.65
Tne-Wav Analysis of Variance for Experiment 2 m-feces
Source DF SS MS F P
Flow speed 7 125.11 17.87 0.73 0.653
Error 8 195.26 24.41
TOTAL 15 320.37
* DENOTES SIGNIFICANT FACTOR (p<0.05)
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Table 14. (cont.). Results of One-Way Analysis of Variance for Each Experiment
One-Way Analysis of Variance for Experiment 3 m-all
Source DF SS MS F P
Flow speed 7 6.57 0.94 2.26 0.138
Error 8 3.33 0.42
TOTAL 15 9.90
One-Way Analysis of Variance for Experiment 3 m-open
Source DF SS MS F P
Flow speed 7 77.18 11.03 2.31 0.132
Error 8 38.25 4.78
TOTAL 15 115.43
One-Way Analysis of Variance for Experiment 3 m-feces
Source DF SS MS F P
Flow speed 7 197.03 28.15 3.07 0.069
Error 8 73.36 9 17
TOTAL 15 270..385
One-Way Analysis of Variance for Experiment 4 m-all
Source DF SS MS F P
Flow speed 7 47.04 6.72 1.91 0.192
Error 8 28.15 3.52
TOTAL 15 75.18
One-Way Analysis of Variance for Experiment 4 m-open
Source DF SS MS F P
Flow speed 7 219.86 31.41 1.02 0.480
Error 8 245.16 30.64
TOTAL 15 465.01
One-Way Analysis of Variance for Experiment 4 m-feces
Source DF SS MS F P
Flow speed 7 310.13 44.30 1.09 0.447
Error 8 324.32 40 54
TOTAL 15 634.45
* DENOTES SIGNIFICANT FACTOR (pO.05)
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Table 15. Tukey’s a posteriori multiple comparison test for the Lower Region 
Filtration Rates for El
Each filtration rate that was not significantly different from one another are 
grouped in a single column and noted by *
El - m-all
Flow Speed
Homogeneous
Groups
0.65 *
1 *
2.1 * *
4.2 * *
6 *
10.4 * *
13.7 *
22 * *
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Although neither the lower region filtration rates nor the upper region filtration 
rates were significantly different from the lower region control rates and upper region 
control rates (except in one case), mean filtration rates were greater than the control rates 
at low flow speeds (Table 16, Table 17, Table 18, Table 19). For each sampling region 
and each sampling period, the mean filtration rates for each were compared with the 
mean control rates. The mean lower region filtration rates were greater than the mean 
control rates for flow speeds < 6 cm sec'1 (Figure 5a). The mean upper region filtration 
rates were greater than the mean control rates for flow speeds < 1.0 cm sec'1 (Figure 5b).
During each flow speed, the feeding behavior of the oysters in the flume was 
monitored. The percent of oysters open throughout all flow speeds varied from 16 to 
68% and for feces producing oysters from 9 to 54% (Table 20). There were significant 
positive relationships between flow speed and the number of oysters open (Fig. 6a) and 
between flow speed and the number of oysters producing feces (Fig. 6b) (Table 21).
The sequence of flow speeds for each experiment and for each day of each 
experiment are given on Table 22. No relationship between the number of open oysters 
and the daily flow sequence was observed (Figs. 7a and 7b) (Table 21). There was, 
however, a weak indication of a relationship between daily flow sequence and the 
number of oysters producing feces was (Table 21). No significant relationship between 
the experiment flow sequence and neither the number of open oysters (Fig. 7c) nor the 
number of oysters producing feces (Fig. 7d) was observed (Table 21).
Mean shell height varied between 63.9 and 70.9 mm for all oyster batches used in
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Table 16. Results of t-tests between Lower Region Control Rates and Lower Region -Sampling Period 1
Flow Sneed - 0.65 cm see'1
Variable Mean df t P
Control -0.151 4.0 1.23 .1435
Live 0.168
Flow Speed - 1.0 cm sec1
Variable Mean df t P
Control 0.085 3.5 1.95 0.066
Live 0.883
Flow Sneed - 2.1 cm sec'1
Variable Mean df t P
Control 0.199 3.1 1.05 0.184
Live 0.660
Flow Speed - 4.2 cm sec'1
Variable Mean df t P
Control 0.083 3.8 2.57 0.033
Live 1.054
Flow Speed - 6.0 cm sec"1
Variable Mean df t P
Control 0.388 3.1 0.16 0.442
Live 0.467
Flow Speed - 10.^ cm sec'1
Variable Mean df t P
Control 0.135 3.4 0.01 0.495
Live 0.156
Flow Speed - 13.5 cm sec"1
Variable Mean df t P
Control 0.414 3.4 1.12 0.167
Live 2.184
Flow Sneed - 22.0 cm sec'1
Variable Mean df t P
Control 0.623 3.8 0.56 0.304
Live 1.916
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Table 17. Results of t-tests between Lower Region Control Rates and Lower Region -Sampling Period 2
Flow Sneed - 0.65 cm sec'1
Variable Mean df t P
Control -0.151 2.7 0.35 0.375
Live -0.071
Flow Speed - 1.0 cm sec'1
Variable Mean df t P
Control 0.085 3.3 1.16 0.161
Live 0.702
Flow Sneed - 2.1 cm sec'1
Variable Mean df t P
Control 0.199 3.3 1.23 0.150
Live 0.541
Flow Speed - 4 2 cm sec'1
Variable Mean df t P
Control 0.083 3.2 1.43 0.121
Live 1.140
Flow Speed - 6.0 cm sec'1
Variable Mean df t P
Control 0.388 3.0 0.34 0.380
Live 0.756
Flow Speed - 104 cm sec'1
Variable Mean wmtiLm t P
Control 0.135 4.7 -0.27 0.600
Live -0.019
Flow Speed - 137 cm sec"1
Variable Mean df t P
Control 0.414 3.5 -0.29 0.606
Live -0.012
Flow Soeed - 22.0 cm sec'1
Variable Mean df t P
Control 0.623 4.9 0.38 0.360
Live 1.146
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Table 18. Results of t-tests between Upper Region Control Rates and Upper Region -Sampling Period 1
Variable Mean df t P
Control -0.392 3.5 1.05 0.181
Live 0.533
Flow Speed - 1.0 cm sec'1
Variable Mean df t P
Control -0.032 3.0 1.09 0.178
Live 3.450
"low Sneed - 2 1 cm sec"1
Variable Mean df t P
Control 0.221 3.8 0.86 0.220
Live 2.118
'low Sneed - 4 2 cm sec'1
Variable Mean df t P
Control 0.843 4.7 -0.95 0.806
Live -2.518
Flow_Speed - 6.0 cm sec'1
Variable Mean df t P
Control -0.858 3.6 -0.81 0.767
Live -4.598
Flow Speed - 10 ^ cm sec'1
Variable Mean df t P
Control -1.220 4.6 -1.48 0.898
Live -7.520
Flow Speed - 13 '1 cm sec1
Variable Mean df t P
Control -0.321 4.7 -0.52 0.686
Live -4.964
Flow Sneed - 22.0 cm sec'1
Variable Mean df t P
Control -1.080 3.8 -1.20 0.851
Live -16.070
Flow Sneed - 0.65 cm sec1
Variable Mean df t P
Control -0.392 3.8 -0.28 0.603
Live -0.597
'low Speed - 1.0 cm sec
Variable Mean df t P
Control -0.032 3.0 0.88 0.222
Live 2.840
Flow Sneed - 2.1 cm sec'1
Variable Mean df t P
Control 0.221 4.2 -0.23 0.587
Live -0.199
<?# J*
>4#
vfF'
22SSS®^
Flow Speed - 4.2 cm sec'1
Variable Mean df t P
Control 0.843 4.0 -0.85 0.779
Live -1.122
Flow Speed - 6.0 cm sec"1
Variable Mean df t P
Control -0.858 3.6 -0.50 0.676
Live -3.250
Flow Speed - 10.4 cm sec'1
Variable Mean df t P
Control -1.228 3.6 -1.26 0.858
Live -9.744 -
Flow Speed - 13.' cm sec'1
Variable Mean df t P
Control -0.321 4.9 -1.12 0.843
Live -10.981
Elow Soeed - 22.0 cm sec'1
Variable Mean df t P
Control -1.088 4.9 -1.51 0.9033
Live -12.987
Figure 5. Comparison of Control Rates and Filtration Rates, with Controls, 
Sampling Period 1, and Sampling Period 2 noted as V, □, and 
respectively, in the a) lower region and b) upper region
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Table 20 . Oyster Feeding Behavior in E l, E2, E3, E3 and E4
Batch Flow Speed (cm/sec) % o f  open oysters %  o f  feces producing oysters
B1 0.65 32 26
B2 0.65 22 9
B3 0.65 26 20
B4 0.65 44 42
B1 1.00 40 33
B2 1.00 31 20
B3 1.00 16 9
B4 1.00 53 51
B1 2.10 16 8
B2 2.10 33 28
B3 2.10 23 18
B4 2.10 23 21
B1 4.20 64 40
B2 4.20 20 14
B3 4.20 19 13
B4 4.20 39 33
B1 6.00 68 57
B2 6.00 33 25
B3 6.00 30 19
B4 6.00 52 50
B1 10.40 68 54
B2 10.40 49 45
B3 10.40 37 30
B4 10.40 22 19
B1 13.70 40 30
B2 13.70 62 49
B3 13.70 53 42
B4 13.70 37 33
B1 22.00 49 38
B2 22.00 62 41
B3 22.00 58 50
B4 22.00 46 38
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Figure 6. Oyster Feeding Behavior as a Function of Flow Speed in E l, E2, E3, E4
a) open oysters b) feces producing oysters
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Table 21. Regression Analyses of Oyster Feeding Behavior in E l, E2, E3, and E4
Regression Analyses r2 (%) N P
Flow Speed and Open Oysters 26 32 0.003 *
Flow Speed and Feces producing Oysters 21 32 0.008 *
Daily Flow Sequence and Open Oysters 4 32 0.262
Daily Flow Sequence and Feces producing Oysters 12 32 0.058
Experiment Flow Sequence and Open Oysters 0 32 0.961
Experiment Flow Sequence and Feces producing 
Oysters
1 32 0.586
* denotes significant slope (p<0.05)
Table 22. Order of Flows in E l, E2, E3, and E4
Sequential Order of Flows within E l, E2, E3, and E4
Experiment
Flow
Sequence
Flow Speed (cm/sec)
0.65 1 2.1 4.2 6.0 10.4 13.7 22
El 8 2 1 J 4 5 6 7
E2 3 4 5 6 7 8 1 2
E3 8 6 7 1 2 3 4 5
E4 6 7 1 2 4 5 8
Sequential Order of Flows within Each Day of E l, E2, E3, and E4
Daily
Flow
Sequence
Flow Speed (cm/sec)
0.65 1 2.1 4.2 6.0 10.4 13.7 22
El J 1 2 1 2 'SD 1 2
E2 1 2 3 1 2 3 1 2
E3 3 1 2 1 2 3 1 2
E4 4 1 2 -*>J 1 2 1
59
Figure 7. Oyster Feeding Behavior as a function of Daily Flow Sequence and 
Experiment Flow Sequence for E l, E2, E3, and E4
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the various controls and experiments (Table 23), but distinctively different groups were 
indicated. Due to discrepancies in the dry weights of the oysters in B1 and B3, the dry 
weights for the oysters in B1 and B3 were not used and in the calculation of filtration 
rates the dry weight for B2 was substituted. Since there was no significant difference in 
the height between B l, B2, and B3, and the batches were of the same cohort, the mean 
dry weight from B2 was used for B l, B2, and B3.
Ta
ble
 2
3. 
Da
ta 
on 
O
ys
te
rs
oso
SD
o© ©r-
CN 3.7
0 
|
2.
80
SD 
C
on
di
tio
n 
In
de
x
O.
lO
ll 
4.
15 CNCN
K
CN
Os
o
| 
9.
73
14
.9
0
soIT)
CN
O
Z,610
A
FD
W
(g
)
0.
27
1
0.
47
1
0.
62
5
1.
05
5
SD
2.
8
2.
3
2.
5
2.
2 (N
2.
6
2.
4
W
id
th
(m
m
)
21
.7
20
.6
21
.4 CM
17
.9
21
.2
18
.9
19
.7
SD
r- so so so SO t"* so
H
ei
gh
t
(m
m
)
67
.7
65
.2
66
.1
65
.3
64
.6
66
.8
63
.9
70
.9
Ex
pe
ri
m
en
t 
Ba
tc
h
CB
1
0Q B2
| 
B3 B4 CB
2 sn
CO B6
U
e
cs
r i
U
V
y—i
u
Nu IsH rt
Tf
u IDI* SOW
61
the various controls and experiments (Table 23), but distinctively different groups were 
indicated. Due to discrepancies in the dry weights of the oysters in Bl and B3, the dry 
weights for the oysters in Bl and B3 were not used and in the calculation of filtration 
rates the dry weight for B2 was substituted. Since there was no significant difference in 
the height between B l, B2, and B3, and the batches were of the same cohort, the mean 
dry weight from B2 was used for B l, B2, and B3.
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Table 24. Results of Analysis of Variance for the Height of Oyster Shells
Shell Heights for the oysters of B l, B2, B3, and B4 and the CB1 shells
Source DF SS MS F P
Heights 4 279 70 1.78 0.130
Error 445 17455________ 39_____________________
TOTAL 449 17734
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Results -Experiments C4. E5« and E6
The lower region control rates and the upper region control rates showed 
oscillatory patterns across all flow speeds (Figs. 8a and 8b, Table 25). The relationship 
of the lower region control rate and flow speed was not significant (Table 26). The 
relationship between upper region control rates and flow speed was significant 
(Table 26).
The lower region and the upper region filtration rates tended to increase with 
flow speeds (Figs. 9a and 9b) (Tables 27 and 28). Neither the lower region filtration 
rates nor the upper region filtration rates were significantly different between 
experiments and flow speeds (Tables 29 and 30). The lower region filtration rates were 
greater than the control rates for flows < 4.2 cm sec'1 except at 1.0 cm sec'1 (Fig. 10a). 
Upper region filtration rates were greater than control rates for most flows (Fig. 10b).
During E5 and E6, the percent of oysters open ranged from 24 to 97% and the 
percent of feces producing oysters ranged from 14 to 79% (Table 31). Although oyster 
feeding activity varied throughout each experiment, the number of oysters open and the 
number producing feces were not related to flow speed (Figs. 11a and 1 lb) (Table 32). 
Daily flow sequence and experiment flow sequence were altered for each E5 and E6 
(Table 33). Daily flow sequence and experiment flow sequence appeared to have no 
effect on oyster feeding behavior (Figs. 12a and 12b) (Table 33).
The B5 and B6 oysters were not cohorts. There were significant difference in the 
shell heights between the batches (Table 34) with the mean height of each batch being 
63.9 mm and 70.9 mm, respectively (Table 23). The shell heights of B5, B6, and CB2 
were all significantly different (Tables 34 and 35).
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Figure 8. Control Rates for C4 in the a) lower region b) upper region
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Table 25. Control Rates for C4
Lower Region
Upstream Upstream Upstream Downstream Control Rates
Experiment Flow Sampling Chlorophyll a Kaolinite Particle Particle
Speed Period Concentration Concentration Concentration Concentration m-all m-all
(cm/sec) (ug/i) (mg/l) (patt/ml) (part/ml) (l/shell-hr)* (l/g-hr)*'
Control 4 0.65 1 78.00 1.52 25392 23785
Control 4 0.65 2 62.50 1.20 17603 20558 -0.0328 -0.0541
Control 4 1 1 40.00 1.29 11007 6790
Control 4 1 2 34.25 1.23 9195 8137 0.3396 0.5610
Control 4 2.1 1 41.25 1.35 12165 13437
Control 4 2.1 2 47.15 2.26 16763 17567 -0.1723 -0.2846
Control 4 4.2 1 65.05 1.90 20348 19862
Control 4 4.2 2 83.50 2.34 26110 25797 0.0854 0.1411
Control 4 6 1 107.45 2.14 32260 31402
Control 4 6 2 116.50 2.16 38470 34536 0.4539 0.7499
Control 4 10.4 1 82.50 2.28 23152 22485
Control 4 10.4 2 76.50 2.04 23562 24162 0.0238 0.0393
Control 4 13.7 1 38.25 1.51 25905 26222
Control 4 13.7 2 69.00 1.40 26693 27228 -0.2459 -0.4062
Control 4 22 1 97.50 1.40 26555 25508
Control 4 22 2 102.60 1.82 35482 35250 0.5772 0.9535
upper region
Upstream Upstream Upstream Downstream Control Rates
Experiment Flow Sampling Chlorophyll a Kaolinite Particle Particle
Speed Period Concentration Concentration Concentration Concentration m-all m-all
(cm/sec) (ug/i) (mg/l) (part/ml) (part/ml) (l/shell-hr)' (l/g-hr)"
Control 4 0.65 1 77.33 1.44 25646 24343
Control 4 0.65 2 65.33 1.16 16983 18506 -0.0123 -0.0203
Control 4 1 1 27.00 1.21 9977 8827
Control 4 1 2 33.00 0.99 8500 8494 0.0691 0.1141
Control 4 2.1 1 47.50 1.29 11998 12996
Control 4 2.1 2 55.83 1.85 15700 16389 -0.1447 -0.2391
Control 4 4.2 1 63.13 1.74 19623 19001
Control 4 4.2 2 92.00 2.43 26033 26832 0.0047 0.0078
Control 4 6 1 101.33 2.10 31306 31109
Control 4 6 2 117.33 2.10 35197 33018 0.2363 0.3903
Control 4 10.4 1 75.67 2.24 22970 22788
Control 4 10.4 2 89.67 1.97 24461 23486 0.2839 0.4691
Control 4 13.7 1 84.43 1.57 26023 26211
Control 4 13.7 2 90.50 1.88 26454 26107 0.0464 0.0767
Control 4 22 1 92.00 1.34 26929 26441
Control 4 22 2 105.43 1.86 35446 34381 0.6022 0.9948
* control rates reported as liter / shell - hour - se e  in text notation 
** control rates reported as liter /  avg. gram ash free dry weight - hour 
control rates reported as an average of sampling period 1 and 2
Table 26. Regression Analyses for C4
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Analysis - Lower Region___________________ r2 (%)_____ N P
Control Rate and Flow Speed 0.10 8 0.45
Analysis - Upper Region___________________ r2 (%)_____ N P
Control Rate and Flow Speed 0.66 8 0.01*
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Figure 9. Oyster Filtration Rates for E5 and E6, noted as IE and A, respectively, 
in the a) lower region b) upper region
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Table 27. Lower Region Filtration Rates for E5 and E6
68
Upstream Upstream Upstream Downstream Oyster Filtration Rates
>eriment Flow Sampling Chlorophyll a Kaolinite Particle Particle
Speed Period Concentration Concentration Concentration Concentration m-all m-open m-feces
(cm/sec) (ug/l) (mg/l) (part/ml) (part/ml) (l/g-hr)* (l/g-hr)* (l/g-hr)*
5 0.65 1 39.75 0.71 18240 16402 0.12 0.18 0.25
5 0.65 2 9.83 2.20 34200 21722 0.53 0.78 1.08
5 1.0 1 34.05 1.24 12828 10232 0.41 1.66 2.81
5 1.0 2 55.00 1.65 19792 18873 0.09 0.35 0.59
5 2.1 1 22.00 0.62 6670 5398 0.80 2.39 3.99
5 2.1 2 35.40 0.76 10633 10125 0.18 0.55 0.92
5 4.2 1 34.75 1.57 15653 13140 1.32 2.90 6.25
5 4.2 2 21.95 0.73 10947 8803 1.64 3.61 7.79
5 6.0 1 64.50 1.09 21873 22532 -0.32 -0.80 -1.25
5 6.0 2 66.00 0.96 20000 21655 -0.86 -2.14 -3.35
5 10.4 1 55.75 0.92 18477 20318 -1.77 -4.99 -6.66
5 10.4 2 59.00 1.04 21877 20723 1.01 2.85 3.79
5 13.7 1 56.65 0.87 22091 24763 -2.81 -6.17 -10.12
5 13.7 2 66.80 1.32 28158 27878 0.25 0.54 0.88
5 22.0 1 48.50 1.47 15829 14373 3.81 8.58 12.25
5 22.0 2 78.25 1.52 25257 24270 1.57 3.54 5.06
6 0.65 1 102.50 3.16 40080 11447 0.87 1.01 1.10
6 0.65 2 71.25 2.52 40607 16667 0.62 0.72 0.78
6 1.0 1 15.50 1.43 7160 5757 0.23 0.46 0.61
6 1.0 2 28.25 2.81 12448 10772 0.15 0.31 0.41
6 2.1 1 33.75 1.73 14737 12018 0.46 0.98 1.21
6 2.1 2 27.55 1.42 11645 11033 0.12 0.26 0.32
6 4.2 1 49.75 1.74 17580 12865 1.40 3.49 4.83
6 4.2 2 48.00 1.10 18145 16575 0.40 1.01 1.40
6 6.0 1 48.00 1.94 24313 21825 0.69 1.24 1.29
6 6.0 2 71.50 1.49 24848 25873 -0.26 -0.46 -0.48
6 10.4 1 64.50 0.78 17758 15635 1.41 1.60 1.98
6 10.4 2 80.25 0.92 24647 21970 1.27 1.45 1.79
6 13.7 1 69.00 1.41 25010 23998 0.60 0.63 0.77
6 13.7 2 64.50 3.11 33937 32242 0.75 0.78 0.96
6 22.0 1 89.50 3.19 34873 34453 0 2 8 0 2 9 0.44
6 22.0 2 99.50 2.10 43580 41838 0.95 0.99 1.48
* filtration rates are reported in liters / g. dry wt. oyster - hour
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Table 28. Upper Region Filtration Rates for E5 and E 6
Upstream Upstream Upstream Downstream Oyster Filtration Rates
jeriment Flow Sampling Chlorophyll a Kaolinite Particle Particle
Speed Period Concentration Concentration Concentration Concentration m-all m-open m-feces
(cm/sec) (ug/i) (mg/I) (part/ml) (part/ml) (l/g-hr)* (l/g-hr)* (l/g-hr)*
5 0.65 1 34.30 0.22 18097 16978 0.42 0.62 0.86
5 0.65 2 7.30 0.25 28962 19482 2.62 3.87 5.37
5 1 1 34.27 0.14 13569 10442 2.67 10.91 18.46
5 1 2 44.33 0.25 15651 19397 -2.18 -8.93 -15.12
5 2.1 1 19.60 0.07 6157 5354 2.98 8.95 14.92
5 2.1 2 31.77 0.13 9530 9711 -0.40 -1.21 -2.01
5 4.2 1 32.50 0.19 15147 14206 2.74 6.02 12.99
5 4,2 2 28.83 0.12 10700 8969 7.54 16.56 35.73
5 6 1 58.67 0.26 21160 20037 3.33 8.33 13.03
5 6 2 56.83 0.27 21334 20636 2.03 5.08 7.96
5 10.4 1 44.50 0.26 19803 19684 0.64 1.79 2.39
5 10.4 2 44.67 0.26 20498 20249 1.29 3.64 4.85
5 13.7 1 62.83 0.29 22601 22074 3.29 7.22 11.84
5 13.7 2 64.17 0.36 28663 28000 3.26 7.17 11.75
5 22 1 47.83 0.20 15100 14972 1.90 4.28 6.12
5 22 2 63.67 0.31 25447 23502 17.80 40.05 57.21
6 0.65 1 94.33 0.10 41481 10260 5.47 6.40 6.94
6 0.65 2 63.83 0.16 37371 16294 3.25 3.80 4.12
6 1 1 21.90 0.05 7219 5364 1.79 3.58 4.74
6 1 2 26.33 0.09 12822 9376 1.89 3.77 5.00
6 2.1 1 20.83 0.10 14192 10854 3.39 7.27 8.98
6 2.1 2 23.74 0.09 11348 10827 0.60 1.28 1.58
6 42 1 37.50 0.12 15486 13729 3.05 7.62 10.55
6 42 2 50.50 0.14 17050 16519 0.80 2.00 2.77
6 6 1 45.15 0.21 22407 22319 0.14 0.26 0.27
6 6 2 50.67 0.23 26190 23752 3.53 6.36 6.63
6 10.4 1 60.17 0.09 16859 16860 -0.00 -0.00 -0.01
6 10.4 2 78.00 0.13 24212 23413 2.10 2.40 2.96
6 13.7 1 63.67 0.20 25677 23376 7.75 8.11 9.97
6 13.7 2 85.33 0.31 34539 33474 2.59 2.71 3.33
6 22 1 93.47 0.35 34817 34399 1.60 1.66 2.48
6 22 2 72.00 0.48 44680 42586 6.37 6.59 9.88
* filtration rates a re reported in liters / g. dry wt. oyster - hour
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Table 29. Results of Three-Way Analysis of Variance for the Lower Region 
Filtration Rates for E5 and E6
Three-Way Analysis o f Variance for m-all
Source DF SS MS F P
EXPERIMENT (A) 1 0.5 0.5 0.6 0.483
FLOW SPEED (B) 7 12.1 1.7 1.9 0.203
PERIOD (C) 1 0.0 0.0 0.0 0.866
A*B 7 11.8 1.7 1.9 0.214
A*C 1 0.7 0.7 0.8 0.401
B*C 7 5.8 0.8 0.9 0.537
A*B*C 7 6.3 0.9
TOTAL 31 37.2
ee-Way Analysis of Variance for m-open 
Source DF SS MS F P
EXPERIMENT (A) 1 0.0 0.0 0.0 0.943
FLOW SPEED (B) 7 63.6 9.1 1.8 0.220
PERIOD (C) 1 0.1 0.1 0.0 0.898
A*B 7 54.2 7.7 1.6 0.284
A*C 1 3.8 3.8 0.8 0.411
B*C 7 36.4 5.2 1.1 0.473
A*B*C 7 34.6 4.9
TOTAL 31 192.7
ee-Way Analysis o f Variance for m-feces 
Source DF SS MS F P
EXPERIMENT (A) 1 0.9 0.9 0.1 0.780
FLOW SPEED (B) 7 172.6 24.7 2.3 0.152
PERIOD (C) 1 0.4 0.4 0.0 0.851
A*B 7 126.3 18.0 1.7 0.261
A*C 1 6.9 6.9 0.6 0.454
B*C 7 76.7 11.0 1.0 0.498
A*B*C 7 76.3 10 9
TOTAL 31 460.2
* DENOTES SIGNIFICANT FACTOR (p<0.05)
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Table 30. Results of Three-Way Analysis of Variance for the Upper Region
Filtration Rates of E5 and E6
Three-Way Analysis of Variance for m-all
Source DF SS MS
EXPERIMENT (A) 1 1.0 1.0 0.1 0.742
FLOW SPEED (B) 7 109.2 15.6 1.9 0.218
PERIOD (C) 1 4.4 4.4 0.5 0.492
A*B 7 59.2 8.5 1.0 0.499
A*C 1 8.1 8.1 1.0 0.361
B*C 7 128.9 18.4 2.2 0.163
A*B*C 7 59.1 8.4
TOTAL 31 369.9
ee-Way Analysis of Variance for m-open 
Source DF SS MS F P
EXPERIMENT (A) 1 79.8 79.8 1.3 0.290
FLOW SPEED (B) 7 375.0 53.6 0.9 0.566
PERIOD (C) 1 4.6 4.6 0.1 0.792
A*B 7 320.2 45.7 0.8 0.643
A*C I 18.1 18.1 0.3 0.603
B*C 7 591.3 84.5 1.4 0.339
A*B*C 7 427.1 61.0
TOTAL 31 1816.2
ee-Way Analysis of Variance for m-feces 
Source DF SS MS F P
EXPERIMENT (A) 1 352.2 352.2 2.4 0.168
FLOW SPEED (B) 7 990.4 141.5 1.0 0.526
PERIOD (C) 1 9.5 9.5 0.1 0.808
A*B 7 708.6 101.2 0.7 0.688
A*C 1 33.6 33.6 0.2 0.649
B*C 7 1347.1 192.4 1.3 0.372
A*B*C 7 1042.4 148.9
TOTAL 31 4483.9
* DENOTES SIGNIFICANT FACTOR (p<0.05)
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Figure 10. Comparison of Control Rates and Filtration Rates, with Controls,
Sampling Period 1, and Sampling Period 2 noted as ▼, □, and o respectively, 
in the a) lower region and b) upper region
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Table 31. Oyster Feeding Behavior for B5 and B6
73
Batch Flow
Speed
(cm/sec)
% of open 
oysters
% of feces producing 
oysters
B5 0.65 68 49
B5 1.00 24 14
B5 2.10 33 20
B5 4.20 46 21
B5 6.00 40 26
B5 10.40 36 27
B5 13.70 46 28
B5 22.00 44 31
B6 0.65 86 79
B6 1.00 50 38
B6 2.10 47 38
B6 4.20 40 29
B6 6.00 56 53
B6 10.40 88 71
B6 13.70 96 78
B6 22.00 97 64
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Figure 11. Oyster Feeding Behavior as a Function of Flow Speed in E5 and E6 
a) open b) feces producing
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Table 32. Regression Analyses of Oyster Feeding Behavior in Relation to Flow for
E5 and E6
Regression Analyses r2 (%) N P
Flow and Open Oysters 12 16 0.1848
Flow and Feces producing Oysters 5 16 0.4246
Daily Flow Sequence and Open Oysters 17 16 0.1161
Daily Flow Sequence and Feces producing Oysters 12 16 0.1881
Experiment Flow Sequence and Open Oysters 5 16 0.3910
Experiment Flow Sequence and Feces producing 
Oysters
2 16 0.6138
* denotes significant slope (p <0.05)
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Table 33. Order of Flows in E5 and E6
Sequential Order of Flows within E5 and E6
Experiment
Flow
Sequence
Flow Speed (cm/sec)
0.65 1.0 2.1 4.2 6.0 10.4 13.7 22.0
E5 7 1 2 3 4 5 6 8
E6 4 5 6 7 8 1 2 3
Sequential Order of Flows within Each Day of E5 and E6
Daily Flow Flow Speed (cm/sec)
Sequence
0.65 1.0 2.1 4.2 6.0 10.4 13.7 22.0
E5 4 1 2 3 1 2 3 1
E6 4 1 2 1 2 1 2
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Figure 12. Oyster Feeding Behavior as a Function of Daily Flow Sequence and 
Experiment Flow Sequence in E5 and E6
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Table 34. Results of Analysis of Variance for the Shell Height of Oysters
Shell Heights for the oysters of B5, B6, and the CB2 shells
Source DF SS MS F P
Height
Error
2
267
2180
9782
1090
37
29.74 0.000
TOTAL 269 11962
Shell Heights for the oysters of B l, B2, B3, B4, B5, and B6
Source DF SS MS F P
Height
Error
5
534
2810
18138
562
34
16.55 0.000
TOTAL 539 20947
Condition Index for B2, B4, B5, and B6
Source DF SS MS F p
Index
Error
j
350
5488
2693
1829
8
238 0.000
TOTAL 353 8181
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Table 35. Tukey's a posteriori multiple comparison tests for the height of oysters
Tukey's a posteriori multiple comparisons tests for the height of B5, B6, and CB2
Batch Homogeneous
Groups
CB2 *
B5 *
B6 *
Tukey's a posterior multiple comparisons tests for the height of oysters for all 
batches of Live Oysters
Batch Homogeneous
Groups
B1 *
B2 *
B3 *
B4 *
B5 *
B6 *
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There were significant differences in the condition indices for B2, B4, B5 and B6 
(Table 23 and 34). The condition indices for each batch were significantly different from 
one another (Table 35). Both flow speed and the condition index had significant effects 
on the number of oysters producing feces for all experiments (Table 36). The feeding 
activity of Batch 6 was significantly greater than that for all other batches (Table 36). 
There were also significant differences between the shell heights of different batches of 
live oysters used in all experiments (Table 35) and again the B6 oysters were 
significantly larger than all other batches (Table 36).
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Table 36. Statistical Analyses of Oyster Feeding Behavior between Batches
Differences in oyster feeding behavior as a function of batch and flow
Source DF SS MS F P
Batch (A) 5 5454 1090 5.98 0.000
Flow (B) 7 3526 504 2.76 0.021
A * B 35 6382 182
TOTAL 47 15359
* denotes significant factor (p<0.05)
Tukey's a posteriori multiple comparisons test for batches
Batch Homogeneous
Groups
B1 *
B2
B3 *
B4
B5 5-C
B6 *
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Particle Concentrations
The Thalassiosira weisflogii concentrations for E5, E6, and C4 were calculated 
from cell counts at two threshold settings on the Coulter Counter. To measure the error 
associated in calculating the T. weisflogii concentrations from the experiments, E5, E6, 
and C4, the relationship between chlorophyll a concentrations and T. weisflogii cell 
concentrations from E l, E2, E3, E4, C l, C2, and C3 was compared with the relationship 
from E5, E6, and C4. The relationships were both positive (Table 37). Yet, at all 
T. weisflogii particle levels, the associated chlorophyll concentration was greater for each 
respective T. weisflogii cell concentration in the E5, E6, and C4 when compared with the 
cell concentration of E l, E2, E3, E4, C l, C2, and C3.
83
Table 37. Regression Analyses of Chlorophyll a Concentrations and 
T . w e i s f l o g i i  cell Concentrations from all experiments
Regression Analyses v interceot x coefficient r2 (%) N P
El, E2, E3, E4, C 1, 
C2, and C3 -0.348 0.002 85.0 417 0.00*
E5, E6, and C4
8.68 0.002 69.2 192 0.00*
* denotes significant slope (p<0.05)
140
120 -
j y  =  8.68 + 0.002 (chi. a)
y = -Q348+OOQ2(chl.a)
20 -
0 10000 20000 30000 40000 50000 60000
Particle Concentration (part/ml)
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DISCUSSION
The filtration capacity of an oyster bed is not solely a function of the cumulative 
filtration rate of the oysters, but is a function of biological and physical processes.
Particle distribution and concentration within the water column are functions of the 
vertical mixing, horizontal advection, resuspension, settling, and filtration by the oysters. 
Dame and associates (1984) suggested that removal of particulate carbon by an oyster 
reef was greater than expected by biofiltration alone and suggested that physical factors 
may have been important. Physical parameters are inherent to the oyster environment, 
yet their influence on oyster filtration rate and the community level effects are just now 
being investigated. Significant differences in filtration rates between experiments, E l, 
E2, E3, and E4 can be attributed to variation in hydrodynamic and biotic factors.
In these experiments, particle reductions of the expected magnitude were not 
measured. The filtration capacity of the bed was calculated using the filtration rate of 
5 1 hr'1 gm'1 and the volume flux through the flume. The expected filtration capacity of 
the entire bed, 75 ml sec'1, should have reduced particle concentrations 63% to 2% with 
increasing flow speed. Factors which may have contributed to the measured rates being 
lower than expected were 1) the effect of water flowing on changes in particle 
concentration across the oyster bed 2) the reduced number of oysters feeding at any one 
time and 3) time variance in the filtering activity of each individual oyster.
The significance of flow mediated effects is evident from the particle 
concentration profiles upstream and downstream, both within and between experiments 
in this study. The control experiments were expected to be a measure of the effect of 
flow speed on the change in particle concentration across the oyster bed. In the upstream
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parcel, the greatest relative concentration should have been adjacent to the bed while a 
more uniform vertical profile was expected downstream of the bed due to the vertical 
uplift and turbulent mixing of particles. A logarithmic particle profile was expected 
upstream of the oyster bed, as proposed by the Rouse equation. Once the parcel reached 
the bed, particles in the lower region should have been uplifted by turbulent eddies above 
the bed of oysters, as seen in dye flow studies. The vertical particle concentration 
profiles across all experiments and controls were evaluated across all flow speeds and 
experiments (Appendix 1). Yet, the vertical particle concentrations profiles and the 
change in particle concentrations varied between controls and experiments. For each 
flow speed, no single function could describe the vertical concentration profiles nor the 
change in particle concentration across all experiments, control and live experiments.
The vertical particle profiles were not as expected, but instead varied across 
replicate controls, live experiments, and flow speeds. Turbulence is a function of the 
flow speed and the roughness of the bed (Frechette et. al., 1989). In this study for all 
flow speeds greater than 2 cm s'1, the flow conditions were turbulent (as defined by the 
Reynolds number). Once the parcel reached the bed, flow was accelerated due to the 
decrease in the channel's cross-sectional area above the bed. At the smooth-rough bed 
transition, the lower region particles were expected to be uplifted in to the upper region. 
For each flow speed, the redistribution of particles was not consistent across 
experiments, live and controls. The inability to define the vertical particle profiles in the 
controls indicates that the turbulent effects can have significant effects on particle 
concentrations.
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Between experiment variance in filtration rates increased with increasing flow 
speeds and was greatest in the upper region filtration rates. Increased variance reflected 
the increased turbulent modification of particle distribution with increasing flow speed 
and distance from the bottom. The negative filtration rates were not a result of a 
generation of particles downstream, but were due to turbulent redistribution of particles. 
The relocation of particles and the non-uniform effects of turbulence on particle 
concentration contributed to the differences in filtration rates between experiments.
The oyster bed configuration appears to have enhanced particle dynamics as 
indicated by the significant differences in the control rates of C l, C2, and C3. Although 
the oysters were all placed in 30 staggered rows for each experiment, the bed 
morphology was inherently different between experiments. Regions of depression 
between the oyster shells create quiescent regions which could potentially enhance 
particle deposition and increase the resident time of the parcels within the bed (Nowell 
and Jumars, 1987). Bed roughness is a function of the height of the components above 
the bottom. Not only would differences in the width of the oysters create differences in 
bed roughness, but in the live experiments open oysters would protrude higher than 
closed shells into the water column. The variation in the bottom topography between 
each batch was further enhanced by the number of oysters open and their location within 
the bed. Between experiment variation in filtration rates occur even when the height of 
the oyster batches were not statistically different. Therefore, some of the hydrodynamic 
effects can be attributed to the interaction of the spatial arrangement of oysters and their 
respective shell heights and widths.
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The non-uniform particle redistribution due to turbulent mixing may have 
obscured some of the biological impact on particle concentration. Filtration rates 
reported at low flow speeds are within the range of previously reported rates (Table 1). 
These rates are also approximately the same as the "lower curve" rates which Powell and 
associates believed best represent the filtration rates in the field. Although there were 
not significant differences between the filtration rates and the control rates, the lower 
region filtration rates were greater than the control rates for flow speeds of 
4.2 cm sec'1 and the upper region filtration rates were greater than the control rates for 
flow speeds of 1.0 cm sec1 and lower (Table 16 and 17, Figure 5). Abundant fecal 
production by the oysters indicated that large amounts of particles were being removed 
from the water column by the filtration activity of the oysters. It appears that the biotic 
factors were not of sufficient strength to produce filtration rates that would be 
significantly different from control rates.
Using feces production and shell gape as indicators of feeding activity, flow 
speeds up to 22 cm/sec did not inhibit oyster feeding activity in these experiments. There 
was a positive relationship between oyster feeding behavior and increasing flow speeds. 
Wildish et. al. (1993) speculated that although shell gape and filtration rates of 
Placopecten magellanicus decreased with increasing flow speed, ingestion rates can 
remain high at sufficiently high algal concentrations. It was not until flow speeds 
exceeded 30 cm s'1 that the filtration activity of Placopecten magellanicus ceased 
(Wildish et. al., 1993). Grizzle and associates (1992) found that there was a negative 
relationship between growth rates of Crassostrea virginica and flow speeds greater than
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1 cm s'1. Decreased growth rates can be attributed to decreased filtration rates (Wildish 
and Saulnier, 1984). Inhibition of feeding activity must have occurred at flow speeds 
greater than 1 cm s'1 and resulted in decreased in growth rates.
The apparent difference between the positive relationship between feeding 
behavior and flow speed observed in these experiments and the negative relationship 
between growth rates and flow speed in Grizzle's experiments may be due to differences 
in experimental design or reduced filtration efficiencies. The oysters in the experiment 
by Grizzle and associates (1992) were placed with the hinge facing into the direction of 
flow, whereas in this study, the oysters were placed with the beak facing into the 
direction of the flow. The orientation of the Argopecten irradians concentricus was 
shown to have an effect on the pressure exerted by the external water on the inhalant 
region (Eckman et. al., 1989) and the same may be true for Crassostrea virginica. At 
faster flow speeds, an external water pressure greater than the inhalant - exhalent 
pressure differential may occur and should have a negative effect on the filtration rates. 
The pressure of the external flow on the inhalant region of an oyster within the bed will 
be affected by local flow variations and by skimming flow. Yet, the physical structure 
of the bed may moderate the pressure of the external flow. Thus, in these flume 
experiments, the pressure of the external water directly adjacent to the inhalant of the 
oyster may have been much lower for each respective flow speed due to the baffling 
effect of the bed.
In these experiments, the inhibition of feeding activity was not observed for flow 
speeds up to 22 cm s'1. Although the relationship between shell gape and flow speed was
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not evaluated in this study, the oysters may have reduced their shell gape to compensate 
for increasing external pressure with increasing flow speeds. It is possible that at higher 
flows, the algae concentration was not of sufficient quantity to promote faster growth 
rates in the experiments by Grizzle and associates (1992). The differences between this 
study and the study by may have been the result of differences in orientation, flow speed, 
and algae concentrations and their effects on oyster feeding behavior.
The feeding behavior of the oysters may also be affected by the health of the 
oysters within the bed. The mean condition index, the ratio of dry weight to shell height, 
of each batch was used as an indicator of the batch’s health. The larger the index value 
the presumed better health of the oysters. In these experiments, the condition index of 
oysters varied across experiments with Batch 6 having the highest index. This 
significantly greater condition of Batch 6 may have contributed to the significantly 
greater percent of oysters producing feces across the batches. The condition index 
appears to have an influence on the percent of oysters filtering at any one time. The 
effective filtration capacity of a bed of oysters is dependent on the actual number of 
oyster filtering at any one time and the individual filtration rate of those feeding oysters.
Since water flowing can enhance the vertical flux of particles through turbulent 
mixing and reduce seston depletion, a minimum velocity of water is require to transport 
sufficient food to a reef for its continued growth and survival. Seston is replenished in 
the region directly above the oysters by the vertical flux of particles. The vertical flux is 
facilitated by turbulent mixing which is a function of flow speed and bed roughness. At 
low flows, the possibility of particle depletion increases due to the lower turbulence and
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the greater residence time above the bed. Less vertical repletion of particles would be 
expected at low levels of turbulence and at sufficient bivalve densities, seston depletion 
could occur. For the filtration activity of a bed of bivalves to impact a system, the 
suspended particles must be circulated into the feeding zone of the oysters, so unless 
vertical mixing occurs filtration of that material cannot occur.
A balance between the inhibition of feeding activity at increasing flow speeds 
and sufficiently large algae concentrations to support oyster growth, even at the 
depressed filtration rates, are required for continued growth. Unsatisfactory food quality 
and quantity should reduce growth rates. Although kaolinite is not a satisfactory food, it 
did not appear to adversely affect feeding activity in this study. Urban and Kirchman 
(1992) speculated that turbidity may actually increase ingestion of certain organic 
particles by decreasing particle rejection. The level of turbidity should alter the absolute 
filtration rates of oysters. At very high kaolinite concentrations, filtration may be 
inhibited even with organic components present. Particle composition and concentration 
will affect the filtration rates of non-siphonate bivalves.
The flume system is dynamically similar to an estuarine system where the factors 
influencing the removal of particles from the water column are complex. As shown by 
these experiments, the filtration capacity of an oyster bed is not simply the cumulative 
filtration rate of the individual oysters in the bed. There is a complex interaction of the 
bed with the surrounding water column which included hydrodynamic and biotic factors. 
The ecological function of the bed may be related to the health of the oysters within the 
bed and the local conditions which will vary within the bed. Although, as shown in this
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study, physical parameters are notable, the flow mediated effects are not measured in still 
water experiments and are typically not incorporated into the extrapolations of system- 
level effects. Improved system-level ecological models should take into account flow, 
particle concentration, particle composition, seston depletion, refiltration, vertical 
exchange of particles, and the actual number of oyster filtering at any one time. By 
improving the estimates of the filtration rates and the estimates of the material filtered 
out and processed by a reef of Crassostrea virginica, reliability of the ecological models 
of the Chesapeake Bay will improve.
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CONCLUSIONS
The interaction of the hydrodynamics of the estuarine system and the filtration 
rates of the entire bed of oysters is required to better define the filtration capacity of an 
oyster reef. As shown by these experiments, the filtration capacity of an oyster reef is not 
simply a matter of applying a filtration rate over a period of time to derive the amount of 
material processed by an oyster reef. Flow mediated effects on an oyster reef appears to 
have a significant effect on particle distribution and concentration within the water 
column. Additional information about the effect of the hydrodynamics on the fate of 
suspended particles and on the filtration rates of oysters are required for better estimates 
of the effect of the oyster reefs in the Chesapeake Bay. In controlled environments, 
dynamical similar to an estuarine system measurements of particle distribution in the 
water column and the change in this distribution as the parcel passes over the bed of 
oysters are needed so that these particle dynamics can be incorporated into the filtration 
capacity of oyster reefs.
The effects of flow velocity, seston depletion, refiltration, flow speed, particle 
composition, and particle concentration on the individual filtration rates of oysters and 
on the filtration capacity of an oyster reef are needed to quantify the potential flux of 
material through an oyster reef Investigations which derive filtration rates in relation to 
these factors will more accurately reflect natural rates. Additional information about the 
effect of flow speed on oyster filtration behavior is required. Grizzle et. al. (1992) 
observed decreased growth rates above a relatively low (1 cm sec'1) flow speed. Yet, 
flow speeds greater 1 cm sec"1 are prevalent in regions surrounding oyster reefs and may 
be necessary to provide a flux of food to the oysters in a reef required for their survival
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and growth. Thus, to understand the influence of benthic, filter feeding bivalves on 
water quality in shallow water systems, continued research on oyster reefs as both 
biological and physical filters is required.
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APPENDIX
Vertical Particle Concentration Profiles for all Controls and Experiments.
Note: Experiments / Controls are arranged by columns and the flow speeds by row. 
Explanation of the notation in the legends.
For the controls U= upstream concentration
D= downstream concentration 
For the Experiments U l= upstream concentration- Sampling Period 1
U2= upstream concentration- Sampling Period 2 
D l= downstream concentration- Sampling Period 1 
D2= downstream concentration- Sampling Period 2
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